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Sweeney, Jason Allen.  Glufosinate Tolerance of WideStrike® and LibertyLink® Cotton Varieties and the 
Recoverability of Cotton Following Terminal Removal.  (Under the direction of Dr. Michael A. Jones).   
To evaluate the effects of topical application of glufosinate (Liberty 280SL, 24.5% glufosinate-
ammonium salt) on cotton varieties with WideStrike® and LibertyLink® technologies, two field 
experiments were conducted in 2011 and 2012 at the Pee Dee Research and Education Center (PDREC) in 
Florence, SC.  In the first experiment, five WideStrike® cotton varieties (Phytogen [PHY] 367WRF, PHY 
375WRF, PHY 440W, PHY 499WRF, and PHY 565WRF) and three LibertyLink® cotton varieties 
(FiberMax [FM] 1773LLB2, FM 1845LLB2, and Stoneville [ST] 4145LLB2) were sprayed topically with 
sequential applications of glufosinate at 0.59 kg ha¯¹ (labeled rate) at the 1- to 3-leaf stage and the 7- to 9-
leaf stage.  Glufosinate- and weed-free plots were maintained as controls for each variety.  WideStrike® 
varieties were up to 11% less tolerant to topical applications of glufosinate than LibertyLink® varieties.  
Symptoms of phytotoxicity, including leaf chlorosis and necrosis, appeared to be transient, and no 
differences in lint yield were found among the sprayed and unsprayed WideStrike® and LibertyLink® 
varieties evaluated at season’s end.  Regardless of gene expression for glufosinate tolerance, lint yield of 
cotton sprayed with glufosinate was 105 kg ha¯¹ greater than that of unsprayed cotton and yield increases of 
sprayed cotton varieties are likely related to an increase in boll development.  In the second experiment, 
PHY 375WRF and FM 1773LLB2 were sprayed topically at the 1- to 3-leaf stage, at the 7- to 9-leaf stage, 
and at both the 1- to 3- and 7- to 9-leaf stages with glufosinate at the 1, 2, 3, and 4x rates (0.59, 1.18, 1.77, 
and 2.36 kg haˉ¹, respectively).  In addition, each variety was sprayed topically at early bloom with 
glufosinate at the 1, 2, and 4x rates.  Glufosinate- and weed-free plots were maintained as controls for both 
varieties.  When glufosinate was applied at the 1- to 3-leaf stage, PHY 375WRF had 12, 21, 19, and 29% 
greater leaf injury than FM 1773LLB2 at the 1, 2, 3, and 4x rates, respectively.  At the 7- to 9-leaf stage, 
PHY 375WRF exhibited 7, 11, 16, and 18% greater leaf injury than FM 1773LLB2 when glufosinate was 
applied at the 1, 2, 3, and 4x rates, respectively, and 9, 12, and 15% greater leaf injury than FM 1773LLB2 
when glufosinate was applied at the 1, 2, and 4x rates early bloom, respectively.  Application of labeled 
 iii 
rates of glufosinate did not increase total leaf injury (percent leaf chlorosis + percent leaf necrosis) of 
sprayed FM 1773LLB2 compared with unsprayed FM 1773LLB2.  At season’s end, glufosinate application 
had no effect on total node accumulation or final plant height.  Despite differing levels of glufosinate 
tolerance, no variety x glufosinate application interactions were observed for any plant growth, lint yield, or 
fiber property parameters evaluated.  Compared with the untreated control, no differences in lint yield of 
sprayed cotton were observed.  Glufosinate applied at the 3 and 4x rates at the 1- to 3-leaf stage reduced 
lint yield by 219 and 195 kg haˉ¹ when compared with glufosinate applied at the 1x rate at the 1- to 3-leaf 
stage, respectively.  Yield of cotton sprayed with glufosinate at the 3x rate at the 7- to 9-leaf stage was 
reduced 235 kg haˉ¹ compared with cotton sprayed with glufosinate at the 1x rate at the 7- to 9-leaf stage.   
A third experiment simulating crop injury due to biotic or abiotic factors was conducted at 
PDREC by evaluating the response of irrigated and dryland cotton following terminal removal at various 
growth stages.  Terminals of PHY 499WRF were removed by hand at five distinct cotton growth stages and 
at eight different nodal locations.  Using standard garden shears, mainstems were severed below the 2nd 
node at the 2-leaf stage, below the 2nd and 4th nodes and the 4-leaf stage, below the 4th, 6th, and 8th nodes at 
the 8-leaf stage, below the 8th, 10th, and 12th nodes at the 12-leaf stage, and below the 12th, 14th, and 16th 
nodes at the 16-leaf stage.  An untreated control was also maintained in irrigated and dryland conditions.  
Irrigation had no effect on the ability of cotton to recover following terminal removal.  Recoverability of 
cotton following terminal injury is dependent on growing conditions from season to season, whereas 
numerous year x TRT interactions were observed for plant growth and fiber quality parameters evaluated in 
this study.  However, final lint yield of cotton following terminal removal does not appear to be dependent 
on growing season.  Compared with the untreated control, lint yield of PHY 499WRF was reduced (from 
greatest to least) by 25% following terminal removal below the 8th node at the 12-leaf stage, 21% when 
terminals removed below the 12th node at the 16-leaf stage, 17% when terminals were removed below the 
4th node at the 8-leaf stage, 16% when terminals were removed below the 10th node at the 12-leaf stage, and 
11% when terminals were removed below the 2nd node at the 4-leaf stage.  At a given growth stage, greater 
reductions in lint yield were observed when terminal removal treatments were applied at lower positions on 
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REVIEW OF LITERATURE 
 
 
ORIGIN AND HISTORY OF COTTON 
Taxonomy and Phylogenetic History 
 The use of cotton as a textile dates back thousands of years.  Archaeologists have excavated cotton 
textiles dating back to as early as 3000 B.C. and have found references to cotton in ancient Hindu hymns 
dating back to approximately 1500 years ago (Brown and Ware, 1958).  Cotton is a member of the 
taxonomic family Malvaceae and belongs to the genus Gossypium.  Gossypium also belongs to the small 
taxonomic tribe known as Gossypieae.  The genus of cotton is the largest and most widely distributed 
genus in the tribe with more than 50 species.  Of the 50 species, four are cultivated and the rest grow as 
wild, commercially worthless shrubs.  Among other features, cultivated species differ from wild 
undomesticated species in their production of a seed-bearing fiber capable of being spun (Lewis and 
Richmond, 1968; Wendel et al., 2009).  
 Species within this genus are extremely diverse, exhibiting a wide range of morphological 
characteristics.  The genus originated from the Kokia-Gossypioides clade.  After a rapid succession of 
evolutionary events, the major lineages of Gossypium were established.  After this initial divergence, the 
genus separated into two major groups: the New World lineage and the Old World lineage.  Within the 
genus there are eight diploid genome groups (designated A through G plus K) and one polyploidy genome 
group (AD).  The genome designations are a result of studying chromosome pairing, size, and fertility in 
inter-specific hybrids.  The four major lineages of diploid species correspond to three continents: Australia 
(C, G and K genomes), the Americas (D genome), and Africa/Arabia (A, B, F and E genomes).  There are 
four cultivated cotton species: two New World allopolyploids (n=26) and two Old World diploids (n=13) 
(Lewis and Richmond, 1968).  New World allopolyploids are derived from a hybridization of cottons from 
the A and D genome, forming the AD genome group.  The cultivated New World species in the AD 
genome group are Gossypium hirsutum and Gossypium barbadense (Wendel et al., 2009).  The Old World 





distribution of the New World cultivated species is understood to be all of the New World tropics and 
subtropics, including Hawaii, and the geographic distribution of the Old World cultivated species is Africa 
and Asia (Wendel et al., 2009). 
Old World Cotton 
The history of Old World cotton, also known as Asiatic cotton, starts in India (Lewis and 
Richmond, 1968).  Historical records show that the Hindu people grew cotton and used primitive 
technology to produce simple gins, spinning wheels, and looms to make fabric prior to the introduction of 
cotton to Europe (Brown and Ware, 1958; Lewis and Richmond, 1968).  The Hindu people used a simple 
gin roller called a “churcka” which was made up of two upright pieces between two horizontal rollers, one 
of which was attached to a hand crank (Brown and Ware, 1958).  India was the principal center of the 
cotton industry (Brown and Ware, 1958) and shipping hub from which cotton was transported by water to 
Egypt before distribution to countries of the West (Lewis and Richmond, 1968).  Prior to global trade and 
acceptance of cotton, China was using primarily silk and ramie, Egypt relied mainly on flax, and wool 
dominated much of the European textile market (Brown and Ware, 1958; Lewis and Richmond, 1968).  In 
fact, cotton did not come into use as a textile in China until about 1300 A.D. (Brown and Ware, 1958).  
Cotton trade was bolstered highly through the trading routes developed by Alexander the Great (Lewis and 
Richmond, 1968).  After cotton’s rise in popularity and gain of status as a luxury cloth in Rome (Lewis and 
Richmond, 1968), competition for the fiber intensified in the Old World.  During this time, many countries 
sent out expeditions looking for trade routes, which eventually led to the discovery of America by 
Columbus in 1492.  Trade competition led to the Portuguese mastery of Indian Ocean trade and the East 
began to supply Europe with many goods, chiefly cotton (Lewis and Richmond, 1968).  In 1600, with the 
charter of the British East India Company, England began to import cotton fabric at an ever increasing rate 
which led to competition with the wool market.  However, as a result of the English Industrial Revolution, 
cotton was made the primary textile in England, forever changing the use of the crop.  The English 
Industrial revolution saw the development of the fly shuttle (1733 by John Kay), the spinning jenny (1764 
by Hargreaves), spinning frames (Arkwright late 1760’s), the spinning mule by Samuel Crompton, and the 





was created, changing English and global commerce (Lewis and Richmond, 1968). The impact of cotton 
was enormous in the discovery of America and the initiation of the English Industrial Revolution. 
New World Cotton 
 Cotton was used in the New World prior to the Spanish colonial period.  It spread throughout most 
of the tropical and subtropical regions of North, Central, and South America by Native Americans (Lewis 
and Richmond, 1968).  In accordance with Vavilov’s Centers of Origin, scientists believe that there are two 
centers of origin for G. hirsutum and one for G. barbadense (Lewis and Richmond, 1968).  Scientists 
believe G. hirsutum originated in southern Mexico and Guatemala while G. barbadense originated in 
northern Peru.  Cotton textiles were some of the first discoveries by settlers and explorers at the discovery 
of the New World.  The people of West Indies, the Aztecs, the Mayans, and the Incans were using cotton 
for bedding, clothes, carpet, awnings, tapestries, and more (Lewis and Richmond, 1968).  Early colonists in 
North America found that the Native Americans in the Southeast and Midsouth did not use cotton; 
however, it was used by the native populations in what is now the southwestern U.S.  The cotton plant did 
not surface in the southeastern United States until around 1600 A.D. (Lewis and Richmond, 1968).  Cotton 
grown and used by natives resembled a type bushy, perennial shrub, referred to as “door yard” cotton 
(Lewis and Richmond, 1968).  The colonists’ first attempt of growing cotton was probably by the settlers of 
Jamestown, after acquiring seed through trade.  The market for cotton was overshadowed by the production 
and export of tobacco and indigo back to Britain; therefore, interest in cotton was impeded by these two 
major cash crops.  Early colonists also imported wool and flax from the West Indies (Lewis and Richmond, 
1968).  The first successful attempt at cotton cultivation, after several failed attempts to produce Asiatic 
types, was with domesticated lines of G. hirsutum that were adapted to upland sites, and ‘upland cotton’ is 
still used to refer to this species today (Lewis and Richmond, 1968).  Cultivated types of G. barbadense 
were introduced into the low coastal areas of the Carolinas and Georgia after the colonial period around 
1785 (Brown and Ware, 1958).  Sea Island cotton (as it became known) was used to produce high-end 
fabrics, but the industry faced challenges from insect and disease pressure.  Overtime, production became 
increasingly unprofitable, and production of Sea Island cotton ceased around 1950 (Lewis and Richmond, 





Revolution of the Cotton Industry 
 Prior to 1793, cotton fiber had to be removed from the seed by hand.  This was a very meticulous 
process by which a man could only pick off about 1 to 2 pounds of lint per day.  At this time, the few gins 
that were used were similar to the Hindu “churcka”, which was tailored to Old World cotton and not suited 
for tightly seeded upland cotton (Brown and Ware, 1958).  Cotton production and the textile industry grew 
exponentially with the invention of the cotton gin in 1793 by Eli Whitney.  From this time, until the 
outbreak of the American Civil War, cotton production increased from 4,000 to 4.5 million bales (Lewis 
and Richmond, 1968).  From 1800 to 1860, the number of exported bales increased from 91,716 to 3.1 
million (Brown and Ware, 1958).   
 Cotton production spread westward from the Atlantic seaboard to the plantations of Louisiana and 
into Texas due to the positive outlook on cotton, the utility of slave labor, and the ease of acquiring large 
quantities of inexpensive land.  Consequently, slave labor increased in areas where cotton production was 
favorable (Lewis and Richmond, 1968).  The southern states continued to increase cotton production, while 
the New England states focused on the milling industry.  With the rise of industrial manufacturing, all 
textile industries increased, but with the ease of production and adaptability to machinery, cotton textiles 
could be produced faster and cheaper than other textiles.  Therefore, cotton became the pinnacle of the 
textile industry (Brown and Ware, 1958).  At the breakout of the Civil War, southern states hoped that their 
need for cotton would bring support from English and French powers, backing their southern cotton 
producers.  Due to Union blockades of southern shipping ports and failure of southern diplomacy to sway 
the British and French, no support came from overseas and the South eventually lost the war (Lewis and 
Richmond, 1968).  During the Civil War, the export of cotton dropped from 3.5 million bales in 1859 to 
approximately 18,000 bales in 1864 (Lewis and Richmond, 1968).  
 When reconstruction began after the Civil War, production reached pre-war levels within ten years 
and peaked just prior to World War I at 16 million bales produced and 9 million bales exported (Lewis and 
Richmond, 1968).  The time period between World War I and World War II saw a decline in production in 
the primarily rain-fed southern states and an increase in production in the irrigated regions of the Southwest 





regional performance of cotton varieties.  This observation led to the development of the first intentional 
plant breeding with growers and entrepreneurs selecting for traits of better performing varieties (Lewis and 
Richmond, 1968).  As different varieties and regional distinctions became important, systems for 
classifying varieties, the need for names, and varietal designation emerged.  
 The introduction and eventual spread of the boll weevil (Anthonomus grandis) in 1892 severely 
threatened cotton production in the U.S. during much of the 20th century (Westbrook et al., 2010).  The boll 
weevil entered the U.S. through Texas from Mexico and spread throughout the U.S. Cotton Belt within 10 
years.  The cotton industry almost became extinct, but due to genetic plasticity of upland cotton varieties, 
advancing cotton breeding programs, and the development of persistent insecticides, rapid-fruiting and 
early-maturing cultivars, growers were able to grow cotton in spite of the boll weevil (Lewis and 
Richmond, 1968).  The boll weevil forced breeders to abandon vigorous, late-maturing upland cottons with 
relatively long and fine fibers in favor of larger-fruited, early-maturing, short-stapled varieties.  This led to 
a breeding focus on earliness and yield (Lewis and Richmond, 1968).  Eventually, the Boll Weevil 
Eradication Program (BWEP) was launched in the late 1970’s by USDA-APHIS (National Cotton Council, 
2012).  The BWEP has been extremely successful in eliminating the pest and reducing pesticide 
applications. As of 2013, all cotton states east of Texas are considered weevil free and are in post-
eradication programs.  Boll weevil pressure is still a problem in the Rio Grande Valley and Winter Garden 
zones of southeast Texas.  In 2012, nearly 33% of cotton acres in the Rio Grande Valley were heavily 
infested with the boll weevil.  The insect has been persistent in this region due to the favorable climate and 
an influx of weevils from Mexico.  Strategies are currently being established to reduce weevil populations 
in Texas and to prevent re-infestation of the eastern cotton states. (Brandon, 2013) 
Modern Cotton Production 
 Cotton production and manufacturing efficiency have increased since the U.S. Industrial 
Revolution, largely due mechanization, fertilizer and pesticide use, plant breeding, the incorporation of 
better management practices, and biotechnology.  Cotton acreage has been very volatile over time, 
fluctuating from year to year based on prices and stocks.  Yields in the U.S. increased from an average of 





leading producer of cotton at 33.5 million bales, followed by India at 26.5 million bales, and the U.S. at 
15.5 million bales (IndexMundi, 2011).  Other sources report U.S. bale production in 2011 at 15.7 million 
bales (USDA-NASS, 2012). 
 Two types of cotton are cultivated in the U.S: short-staple Upland cotton and extra-long staple or 
ELS.  Of the 9,747,900 acres of cotton harvested in the United States in 2011, nearly 97% of the total was 
Upland cotton.  Roughly 3% of the acreage harvested in 2011 was devoted to production of Pima (a type of 
ELS cotton, Gossypium barbandense) (USDA-NASS, 2012).  From a bale-producing standpoint, the total 
bale production in 2011 was 15,673,700 bales and nearly 95% of the total bales produced in the United 
States were from Upland cotton varieties.  The top five Upland cotton producing states in 2011 were Texas 
with 3.5 million bales, Georgia with 2.55 million bales, Arkansas with 1.29 million bales, Mississippi with 
1.22 million bales and North Carolina with 1.05 million bales produced (USDA-NASS, 2012).  In 2011, 
only four states produced Pima cotton.  The four Pima cotton producing states in 2011 were California at 
780,000 bales, Texas at 40,000, Arizona at 20,000 bales and New Mexico at 5,700 bales.  The U.S 
produced 5,267,000 tons of cottonseed in 2011.  The leading cottonseed producing states were Texas at 
1,223,000 tons, Georgia at 779,000 tons, California at 530,000 tons, Arkansas at 442,000 tons and 
Mississippi at 408,000 tons (USDA-NASS, 2012). 
 
ROOT GROWTH 
Root Anatomy and Growth Habit 
 The cotton plant has a tap root system which initially develops from the radical of the germinating 
seed (Ritchie, et al., 2004, McMichael et al., 2011).  The taproot can reach depths of over three meters 
(McMichael, 1986) and can elongate at a rate of less than one to six centimeters per day (McMichael et al., 
2011).  From the taproot, lateral roots (or secondary roots) extend outwardly, at a radius of about two 
meters (McMichael, 1986; McMichael et al., 2011).  Generally, the number of lateral roots is related to the 
number of vascular bundles in the plant.  The number of vascular bundles of a cotton plant can range from 
four to eight and is a genetically controlled feature (Wrona et al., 1999).  The ability of a cotton plant to 





an increased uptake capacity of water and nutrients (McMichael, 1986).  Lateral roots tend to remain 
shallow, predominately dwelling in the upper three feet of the soil profile (McMichael, 1986).  According 
to Ritchie et al. (2004), the majority of roots can be found between the depths of one to three feet of soil.  
The taproot, plus the lateral roots that extend from it, are referred to as the basal root system (Ritchie et al., 
2004).  From the basal system extend “higher order” roots as short-lived projections that expand when 
conditions are optimum for scavenging nutrients and water (Ritchie et al., 2004). 
 Root growth continues to increase as the season progresses until it peaks at flowering when the 
plant reaches its maximum height and boll formation commences (Ritchie et al., 2004; McMichael, 1986, 
McMichael et al., 2011).  This occurs due to a shift in carbohydrate partitioning to bolls (Ritchie et al., 
2004).  Thus, cotton root growth follows a typical sigmoidal pattern (Oosterhuis and Jernstedt, 1999).  
Beyond the plateau, following the initiation of boll formation, new roots are still formed.  As older roots 
die, there is a net loss of overall root length.  At maturity, roots account for approximately 10 to 20% of the 
total dry weight of the plant, a decrease from nearly 40% at vegetative stages (Wrona et al., 1999).   
Soil-Root Relationships 
 The environment of the root system is an important factor in determining the productivity of a 
cotton crop.  Reduced root growth leads to reduced shoot growth, and consequently, lower yields (Wrona et 
al., 1999).  A healthy root system is vital to good cotton production.  Several soil factors, such as soil 
temperature, soil strength, soil aeration and soil water, are highly influential on root growth (McMichael, 
1986).  
 Root growth can be negatively affected by cold soil temperatures.  The optimum soil temperature 
for cotton root growth is between 28 and 35 °C (82.4 to 95°F) (McMichael, 1986).  At temperatures below 
this range, overall growth, branching, and water and nutrient uptake suffer (McMichael, 1986).  
Temperatures at or below 10°C can lead to root tip damage, often referred to as “nub” root (Ooosterhuis 
and Jernstedt, 1999).  At temperatures higher than the optimum range, branching tends to increase, while 
enzymatic and metabolic activity decreases (McMichael, 1986). 
 Soils with high bulk density or compaction, due to plow pans or heavy traffic, tend to suppress the 





also lead to the formation of a shallow root system (Oosterhuis and Jernstedt, 1999).  The diameter of root 
vascular structures can also be reduced due to the presence of impenetrable layers (McMichael, 1986).  Soil 
moisture content can influence the growth of the rooting system directly by affecting rooting depth and 
density.  Roots tend to grow deeper in drying soil, but at a slower rate (McMichael, 1986). 
 
VEGETATIVE GROWTH OF COTTON 
Seedling Emergence and Early Growth 
 The rate of vegetative growth of the cotton plant, prior to onset of flowering, depends greatly on 
temperature and water availability (Mauney, 1986).  The relationship between cotton growth and 
temperature can be described by the concept of degree days or “DD-60s”.  Degree days are a function of 
the average daily temperature minus 60, which is the threshold temperature for plant growth (Wright et al., 
2005; Edmisten, 2013a).  The more DD-60s accumulated over a given time, the faster the cotton plant will 
develop.  For instance, from planting to the appearance of first flowers, cotton in the southeastern U.S. 
must accumulate between 780 and 900 DD-60s (Wright et al., 2005).  Growth of a cotton plant can be 
illustrated by the sigmoid curve, which demonstrates early exponential increase in growth until some 
limiting factor causes growth to plateau.  In cotton seedlings, this limiting factor is typically uptake of 
water (Mauney, 1986). 
 If soil temperature, moisture and other conditions are favorable, cotton seedling emergence occurs 
7 to 10 days after planting (FCIC, 2004), with the average time being about 7 days (Wright et al., 2005).  
During germination, the primary energy and carbon source is from the stored lipid and proteins of the seed 
(Christiansen and Rowland, 1986).  After germination, the cotyledons, propelled by the expanding 
hypocotyl, are carried above the soil surface where they begin to double their area and start to synthesize 
new carbohydrates.  The cotyledons are the primary photosynthetic tissues for the plant for a period of 
about 10 to 12 days.  Meanwhile, the primary root is extending downward into the soil to a depth of 20 cm 
or more, and subsequent lateral roots form (Eaton, 1955).  The cotyledons emerge opposite one another and 
are lobed in appearance.  At the base of the cotyledons is the apical meristem, by which all new growth 






 After the cotyledon stage, often referred to as the “VC” stage, in which the plant is primarily 
provided with carbohydrates via the cotyledons, new growth will differentiate and lead to the development 
of the first true leaf.  For a period of about 30 to 35 days, the plant will grow vegetatively (Edmisten, 
2013a).  The main stem of the plant has an indeterminate growing point that produces leaves in a three-
eighths phyllotaxy or spiral arrangement (Eaton, 1955).  Meristematic tissue, or growing points, are located 
at the top of the mainstem and on fruiting branches.  These points produce upward and outward growth 
(Ritchie et al., 2004).  A new true leaf is added about every 3 days; this rate is faster in the early season, as 
opposed to the later season (Ritchie, et al., 2004).  The first five true leaves are progressively larger in area 
(Mauney, 1986).  The point of attachment of the leaf to the mainstem is known as the node and is often 
used to designate growth stage.  The axillary bud and the extra-axillary bud are at the base of each leaf.  A 
vegetative branch (or monopodium) is formed if the axillary bud develops and a fruiting branch (sympodia) 
is formed if an extra-axillary bud develops (Eaton, 1955).  Vegetative branches are similar to the mainstem 
of the cotton plant, and can develop both from the mainstem and from axillary buds on fruiting branches 
(Eaton, 1955).  A plant is considered to be in a vegetative growth stage until the formation of the first 
flowering bud or “square”, typically set at nodes 5 to 7 (Edmisten, 2013a).  
Branch Development and Growth Habit 
 Vegetative branches do not directly produce fruit, but they have the potential to give rise to 
sympodial branches (via axillary buds from the vegetative branch) where flower and fruit are formed 
(Oosterhuis and Jernstedt, 1999).  The number of vegetative branches that form on a plant is dependent on 
a number of factors, but mostly depends on the environment and row spacing (Oosterhuis and Jernstedt, 
1999).  Vegetative branches typically arise on nodes three to five.  Usually one or two of the branches will 
give rise to sympodial branching, depending again on growing conditions and assuming no injury has 
occurred to the main stem (Oosterhuis and Jernstedt, 1999).  
 Sympodial branches (fruiting branches) can arise either from the main stem or from axillary buds 
on vegetative branches.  Typically, the first fruiting branch arises from the mainstem between the fifth and 





branch on a node above the first fruiting branch, but it may occur in abnormal circumstances (Ooosterhuis 
and Jernstedt, 1999). 
 Due to its perennial and indeterminate nature, cotton will continue to accumulate vegetative mass 
even after the initiation of fruit formation (Ritchie et al., 2004).  The plant will also continue to flower until 
frost, drought, or some other inhibiting factor occurs (Wright et al., 2005).  If not controlled with growth 
regulators, cotton can reach unmanageable and undesirable heights, become rank with vegetative growth, 
and sustain higher incidence of boll rot and fruit abscission, especially in fertile, moist climates (Ritchie et 
al., 2004).  The use of growth regulators tends to shorten internode length, hasten maturity, reduce plant 
height, facilitate insect management, decrease boll rot, and increase yield (Edmisten, 2013b). 
 
LEAF DEVELOPMENT 
 Cotton plants have three types of leaves: cotyledons, prophylls, and true leaves (Mauney, 1984; 
Oosterhuis and Jernstedt, 1999).  Cotyledons are lobed leaves that emerge opposite one another and 
function as the primary photosynthetic source for the seedling for a period of about 10 days after 
expansion.  Prophylls are the first foliar appendages produced on axillary branches (both vegetative and 
fruiting).  They are rather small and become dry and shriveled after bud expansion (Oosterhuis and 
Jernstedt, 1999).  The prophyll is the first leaf formed on any branch (Mauney, 1984).  True leaves can be 
formed from the mainstem and fruiting branches (Oosterhuis and Jernstedt, 1999).  True leaves on fruiting 
branches may also be referred to as subtending leaves (Oosterhuis et al., 1990).  True leaves forming on the 
lower portion of the mainstem are initially heart-shaped, but become palmately lobed on successive 
mainstem nodes (Oosterhuis and Jernstedt, 1999).  Mainstem true leaves contribute photosynthate to 
vegetative growth of the mainstem, sympodia, the developing terminal, and also contribute to boll growth; 
true leaves on fruiting branches contribute solely to boll filling (Oosterhuis et al., 1990; Oosterhuis and 
Jernstedt, 1999).  Mainstem leaves are the only true leaves developed for the first five to six weeks of 
growth before growth of sympodial nodes (Oosterhuis and Jernstedt, 1999).  True leaves can reach a 
breadth of about 200 mm (Mauney, 1984).  In comparison, cotyledons typically reach of breadth of 55 mm, 





 Leaf growth can be measured by leaf area index (LAI), which is leaf surface area per unit area of 
ground.  The LAI of the cotton plant increases slowly over a period of six to seven weeks after emergence, 
but LAI rapidly increases at the onset of flowering as the plant moves toward canopy closure (Oosterhuis 
and Jernstedt, 1999).  Canopy closure is important because it allows the plant to most efficiently capture 
and use photosynthetically active radiation (Oosterhuis and Jernstedt, 1999). 
 
CARBOHYDRATE PRODUCTION AND MOVEMENT 
 Photosynthesis is the most critical task of the leaf (Oosterhuis et al., 1990).  Proper management of 
cotton promotes an ideal balance of “source” and “sink” structures.  Source-sink relationships are 
dependent mostly on leaf age and potential for carbohydrate production.  A source is any leaf that produces 
more carbohydrate than it needs for its own sustenance.  A sink may be a leaf, a boll, or an immature stem 
or leaf that consumes more energy that it produces.  The strongest sink is a 20- to 30-day-old boll in the 
peak of its filling period; the strongest source is a fully illuminated, recently expanded leaf (Oosterhuis et 
al., 1990).  For the initial 16- to 18-day period after a leaf is unfurled, it is primarily a sink.  After this 
period it reaches the peak of its photosynthetic capabilities at approximately 25 days, after which it begins 
to decline in its ability to export carbohydrates (Oosterhuis et al., 1990) and progressively decreases until 
senescence (Krieg and Sung, 1986).  The average leaf life span is about 65 days (Oosterhuis and Jernstedt, 
1999).  Along with true leaves, cotyledons, bracts, and bolls are photosynthetic but only account for 
minimal levels of carbohydrate production (Oosterhuis et al., 1990).  According to Schubert et al. (1986), 
mainstem leaves account for 33% of photosynthesis, and lateral branch leaves account for 55% of 
photosynthesis, while bracts, fruiting organs, petioles, and cortex combine to contribute the remaining 12% 
of photosynthate.  Roughly 40% of assimilate produced by mature leaves stays in the source leaf itself to 
fulfill its own needs (Oosterhuis and Jernstedt, 1999). 
The Light Reactions of Photosynthesis 
 With source-sink relationships playing an important role in how the plant develops, understanding 
how carbohydrate is produced and translocated from where it is fixed to where it is needed throughout the 





broken down into two phases of light and dark reactions.  Through the light reactions of photosynthesis, 
adenosine triphosphate or ATP (the primary energy currency in the plant) is produced, along with 
nicotinamide adenine dinucleotide phosphate or NADPH, (a source of reducing power) through a series of 
reactions involving the absorption and conversion of photons to energy by chlorophyll molecules and other 
pigments in the pigment bed.  In the initial step of the light reactions, water is oxidized, donating an 
electron into the cycle.  The electron then goes through two phases of excitation by photons and passes 
through the electron transport chain.  The final acceptor on the electron transport chain is ferredoxin. 
Ferredoxin, along with ferredoxin-NADP reductase, reduces NADP+ to NADPH.  Meanwhile, ATP is 
produced by ATP-synthase as hydrogen ions are pumped along a concentration gradient from the lumen 
back into the stroma of the chloroplast. 
The Dark Reactions 
  In the dark reactions, the processes of carboxylation and reduction, perpetuated by the 
regeneration phase, produce carbohydrate.  The initial step of the carboxylation phase involves carbon 
dioxide, which has been taken in by the stomata.  Carbon dioxide bonds with ribulose-1,5-bisphospate 
(RuBp) in the presence of the enzyme ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) to 
form 3-phosphoglycerate (3-PGA).  In the reduction phase, at the expense of ATP, 3-PGA is initially 
converted to 1,3-biphosphoglceric acid.  Then, NADPH reduces it to form G3P. About 83% of the G3P 
produced is used to generate RuBp, in order for it to continue the cycle and the remaining 17% is carbon 
output.  The complete balanced reaction of photosynthesis is below. (Summary of photosynthesis adapted 
from Taiz and Zeiger, 2010a; Taiz and Zeiger, 2010b)  
 
Photorespiration 
 Net carbon gain in the cotton plant can be described through the relationship between 
photosynthesis and a process known as photorespiration.  Photorespiration, in simple terms, is the uptake of 
oxygen and production of carbon dioxide (Cothren, 1999).  While photosynthesis produces all carbohydrate 





nature of RuBisCO, oxygen can be fixed, just as carbon dioxide is fixed with RuBp in the initial steps of 
the dark reactions.   This relationship is problematic for C3 plants, such as cotton, because they have no 
mechanism or structure for concentrating carbon dioxide.  Oxygenation of RuBisCO becomes more 
favorable during periods of elevated temperatures.  Cotton is designated as a C3 plant because the first 
detectable product of carbon fixation is the three-carbon molecule, 3-PGA (Cothren, 1999), instead of the 
four-carbon compound malate, initially developed in C4 plants.  
 RuBisCO more readily fixes oxygen at higher temperatures.  As temperature increases, oxygen 
saturation increases, leading to an increase in oxygen affinity and a decrease in carbon dioxide affinity for 
the catalyzing enzyme.  As a result of oxygenation, phosphoglycolate is produced and metabolized through 
a series of steps which takes place in three separate cellular compartments: the chloroplast, peroxisome, and 
the mitochondrian (Cothren, 1999).  Photorespiration yields carbon dioxide, ammonia, and 3-PGA, which 
can then enter the Calvin Cycle.  The carbon dioxide and ammonia produced is either re-fixed or released 
into the atmosphere (Cothren, 1999).  Photorespiration leads to a lower net gain (as much as 30% less) of 
carbohydrate, but is understood to be a necessary process for alleviating photoinhibition (Cothren, 1999).  
Carbohydrate Movement 
 Carbohydrate must be translocated into sinks after it is produced.  Distribution of photosynthate in 
the cotton plant is dependent on the carbon dioxide exchange rate (CER) of leaves and other photosynthetic 
tissue, sink strength, proximity of leaves to fruit, and duration of transport into fruit (Schubert et al., 1986). 
 The CER of a particular source is a reflection of how efficiently the photosynthetic apparatus 
converts available carbon dioxide into assimilates.  Sources with a higher CER tend to export more 
assimilate.  Yield can be increased under enriched carbon dioxide conditions; (Schubert et al., 1986) this is 
related to an increase in CER.  Lower CER rates can be found in cotton grown under conditions of lower 
irradiance, where leaves are thinner and other anatomical changes limit photosynthesis (Benedict, 1984).  
Timely use of mepiquat-chloride has also been shown to increase leaf thickness, reducing carbon dioxide 
resistance and increasing CER (Oosterhuis and Jernstedt, 1999). 
  Sink strength is the ability of an organ to import assimilate for its own use (Schubert et al. 1986).  





phloem to the roots, which are the strongest sink at this stage (Ritchie et al., 2004), and also to leaves and 
stems (Schubert et al., 1986).  When the plant starts to develop bolls, the strength of the roots as sinks 
lessens, and more carbohydrate is allocated to the development of bolls (Ritchie et al., 2004).  Actively 
growing bolls on the first three positions on sympodia are strong sinks during the progression to maturity.  
Carbohydrate partitioned to the first three positions on the fruiting branch accounts for the majority of 
assimilates partitioned for fruit growth (Schubert et al., 1986).  Typically, larger, earlier developed bolls are 
stronger sinks than newly developing bolls and will draw more assimilate than the smaller bolls.  This often 
leads to some fruit loss due to the competition for photosynthate (Schubert et al., 1986).  
 The proximity of a sink to its source also is a determining factor in carbohydrate movement.  
During vegetative growth, leaves closer to the bottom of the plant will transport more carbohydrate to the 
roots than successively higher leaves (Schubert et al., 1986).  Similarly, actively growing bolls are 




 The beginning of reproductive development in the cotton plant is marked by the onset of the first 
flowering bud or square in the apical region of the developing plant.  Normally, the square appears four to 
five weeks after planting (Oosterhuis and Jernstedt, 1999), after the accumulation of 550 heat units (Ritchie 
et al., 2004).  The first square usually occurs between nodes five to seven (Ritchie et al., 2004).  The square 
has a three-sided pyramid shape, which is made up of three bracts (epicalyx), enclosing the developing 
flower (Oosterhuis and Jernstedt, 1999; Stewart, 1986).  Inside the square, the calyx (sepals), corolla, 
androecium, and gynoecium are housed.  Growth stages of the square are denoted (chronologically) as 
pinhead, match-head, and candlestick just prior to anthesis (Ritchie et al., 2004).   
Flowering 
 There is a 21 to 25 day period between first-square and first-bloom stages (Ritchie et al., 2004; 
Oosterhuis and Jernstedt, 1999).  Cotton flowers are developed initially at the first position fruiting site 





(vertical flowering interval) takes about 3 days, as opposed to a six-day period for flower development on 
the same branch at the next position  (horizontal flowering interval) (Oosterhuis and Jernstedt, 1999).  
Mature flowers open near or at dawn.  The stigma is receptive to pollination shortly after the flower opens, 
making it a chasmogamous flower (Fehr, 1991; Oosterhuis and Jernstedt, 1999).  The cotton flower is a 
perfect flower, meaning it contains both male and female reproductive organs.  Cotton is a self-pollinated 
crop; however, some degree of out-crossing occurs as a result of insect activity (Oosterhuis and Jernstedt, 
1999).  The petals of the flower are white in color on the day the flower opens, pink on the next day, and 
red on the third day.  After about one week, the flower will become brown and dry and usually fall off.  If 
the flower remains stuck to the developed fruit, it is referred to as a bloom tag (Ritchie et al., 2004; 
Oosterhuis and Jernstedt, 1999).   
Pollination and Boll Development 
 Once pollinated, cotton flowers will develop into cotton bolls through sexual reproduction (Ritchie 
et al., 2004).  In typical sexual reproduction, pollen is released from the anthers of the stamen and adheres 
to the stigma of the pistil.  A sequence of meiotic and mitotic divisions forms male gametes, resulting in the 
formation of two sperm cells and one vegetative nucleus.  The vegetative nucleus will form the tube cell, 
which transports the two sperm cells to the embryo sac, where one sperm cell will unite with one egg cell to 
form the embryo or zygote (2n) and the other sperm cell will unite with two haploid polar nuclei to form 
the endosperm (3n) (Fehr, 1991; Oosterhuis and Jernstedt, 1999).  The process of fertilization is complete 
essentially after formation of the pollen tube, which may take 12 to 30 hours. In about four or five days, the 
zygote will begin to undergo division (Mauney, 1984).   
 Boll development can be broken down into three stages: enlargement, filling, and maturation 
(Ritchie et al., 2004).  The enlargement phase lasts about three weeks.  It is highlighted by fiber elongation 
and bolls and seeds growing to eventually reach their maximum volume (Ritchie et al., 2004).  During this 
time, the fiber is in a hollow, tube-like state.  The filling stage begins four weeks into flowering and is 
characterized by the formation of the secondary fiber wall and the deposition of cellulose inside the 
elongated fiber (Ritchie et al., 2004).  The maturation phase of boll development is marked by the boll 





dehydration of the capsule walls (Ritchie et al., 2004).  The open boll stage is typically observed 116 days 
after planting and after the accumulation of 2150 heat units (Ritchie et al., 2004).  
 
FIBER DEVELOPMENT 
Inside the Cotton Boll 
 The cotton boll is made up of the ovary, the ovules (seeds), and the carpels (locks) (Stewart, 
1986).  The ovary is compound and consists of three to five locks.  Within each lock there are eight to nine 
ovules (Stewart, 1986).  The number of carpels (or locks) in a mature cotton boll may vary between species 
of cultivated cottons and within a species of cultivated cotton.  Gossypium barbadenese and G. arboreum 
have three to four locks per boll, while G. hirsutum and G. herbaceum have four to five locks per boll 
(Stewart, 1986).  The number of locks formed per boll (or carpels per flower) is dependent upon both 
genetics and the growing environment (Stewart, 1986).  
Fiber Initiation 
 The cotton fiber is a single-celled trichome, which differentiates from the protoderm of ovules or 
seeds (Willison and Brown, 1977; Oosterhuis and Jernstedt, 1999).  Fiber initiation in Gossypium hirsutum 
begins shortly after anthesis as differentiating cells, known as the fiber initials, begin to protrude from the 
protoderm, first at the region of the ovule known as the chalazal region (Willison and Brown, 1977; 
DeLanghe, 1986; Oosterhuis and Jernstedt, 1999), and moving toward the micropylar end of the seed 
(Brown and Ware, 1958).  Two types of fiber come from the epidermis of the cotton seed: long lint fibers 
and short linters or fuzz fibers (Brown and Ware, 1958; Oosterhuis and Jernstedt, 1999).  Lint fiber initials 
are present on the day of or the day following anthesis (Brown and Ware, 1958).  Fuzz fibers, or linters, are 
produced five to ten days post-anthesis and remain as a fuzzy, dense coat in Upland cotton (Brown and 
Ware, 1958).  For the first day or two, the fiber initials enlarge and swell in a state of diffuse growth prior 
to elongation.  
Fiber Elongation and Cell Wall Formation 
 Fiber elongation occurs for 15 to 27 days after anthesis (Benedict, 1984).  Longitudinal expansion, 





(DeLanghe, 1986).  Approximately 14 days after anthesis, fibers reach a length of 20 mm long and about 
20 µm wide (DeLanghe, 1986).  Lint length differs from species to species and among varieties.  The lint 
lengthening period is also variable across species and varieties.  Early-maturing varieties typically have a 
shorter lengthening period; varieties with short lint typically have shorter lint lengthening periods (Brown 
and Ware, 1958).  As lint fibers elongate, they form convolutions or changes in orientation that create 
twists in the fiber. Fuzz fibers do not show convolutions (Joshi et al., 1967). 
 Fiber elongation overlaps with the development of primary and secondary cell walls (Benedict, 
1984; Oosterhuis and Jernstedt, 1999).  The primary cell wall is mostly composed of pectin, callose, a thin 
layer of cellulose, and a surface cuticle (Oosterhuis and Jernstedt, 1999).  It is thin, only about 1/125,000 
inch or 0.2 microns, and is the outer layer of the fiber (Brown and Ware, 1958).  Secondary cell wall 
development begins approximately 15 to 20 days after anthesis and is characterized by the deposition of 
cellulose (Delanghe, 1986).  The beginning of secondary wall formation is characterized by a sudden 
increase in the amount of cellulose deposition, an increase in the degree of polymerization of cellulose, and 
changes in microfibril orientation (Willison and Brown, 1977).  Deposition of cellulose forming the 
secondary cell wall continues for 40 to 45 days after anthesis, just before the boll begins to crack 
(Oosterhuis and Jernstedt, 1999), resulting in a layer 5 to 10µm thick (Willison and Brown, 1977). 
 
FRUIT RETENTION 
 In a typical agricultural environment, a cotton plant will not retain all of the fruit that it produces.  
The plant will shed leaves, squares, flowers, and bolls in response to internal plant signals and other 
environmental stimuli.  This process is known as abscission.  Two major theories govern the retention of 
fruit on the cotton plant: hormonal theory and nutritional theory.  These two theories are not mutually 
exclusive; they are very inter-related (Krizek, 1986). 
 The activity of plant hormones in the process of abscission is a complicated and detailed 
relationship between multiple enzymes and hormones.  The most important enzymes involved in abscission 
are the hydrolytic enzymes pectinase and cellulase.  These enzymes react with water and function to break 





the petiole and/or peduncle leading to fruit drop (Guinn, 1986).  Three major hormones involved in fruit 
shedding are ethylene, abscissic acid,  and auxin.  Auxin has the potential to inhibit or promote abscission 
depending on where and when it is applied to the plant, but it is generally considered to inhibit or delay 
abscission (Guinn, 1986).  Ethylene promotes abscission in two ways, it slows the transport of auxin, 
decreasing the auxin content at the abscission zone, and it promotes the synthesis of the hydrolytic enzymes 
pectinase and cellulase (Guinn, 1986; Krizek, 1986).  Abscissic acid promotes abscisison in that it slows 
growth, hastens senescence, decreases basipetal movement of IAA (a form of auxin), promotes ethylene 
production, and increases cellulase activity (Guinn, 1986).  
 The nutritional theory of abscission is illustrated by the relationship of supply and demand.  As 
long as carbohydrate demand does not exceed carbohydrate supply, bolls will be retained (Krizek, 1986).  
Photosynthesis and photorespiration are always in “competition” with one another for carbohydrate, but as 
long as carbon dioxide is abundant and temperatures are suitable, photosynthesis will produce more 
carbohydrate than photorespiration uses, resulting in a net gain of carbohydrate.  Carbon dioxide delays 
abscission, while oxygen promotes it (Krizek, 1986), and photorespiration is initiated by the oxygenation of 
RuBisCO.  Thus, any condition that results in a reduction of photosynthesis and/or an increase in 
photorespiration tends to delay fruiting or increase fruit shedding (Krizek, 1986).  The inverse is also true; 
conditions conducive to high levels of photosynthesis and low levels of photorespiration incresase fruit 
retention and decrease shedding (Krizek, 1986).  
 Conditions which lead to a decrease in photosynthesis or increase in photorespiration are low 
levels of photosyntheticall active radiation (PAR), shading, short photoperiod, low carbon dioxide, and 
warm nights.  Conditions which lead to high levels of photosynthesis are high PAR, long photoperiod, high 
carbon dioxide, and cool night temperatures (Krizek, 1986). The relationship between these two theories is 
simply that nutritional or environmental stresses increase ethylene evolution in young fruit (Krizek, 1986).  
These stresses include water stress, inadequate nutrient supply (especially nitrogen), temperature stress, 







THE ABILITY OF COTTON TO RECOVER FROM INJURY 
The issue of plant recovery is a complex and often studied topic.  Crop plants can tolerate a certain 
degree of injury and/or stand reduction without impacting yield (Wang et al., 2011).  The goal of this area 
of research is to find damage thresholds which can be used as decision-aids and for the evaluation of crop 
loss for grower compensation by crop insurance adjusters in the event of a catastrophe.  Studying the crops 
ability to recover from injury is difficult because there are many variables that need consideration when 
designing experiments and making recommendations based on the results.  Many experiments have been 
conducted to understand the effect of injury on the growth and development of cotton.  When interpreting 
results of studies on the effects of injury it is important to consider regional and case-specific factors, 
including but not limited to soil type, length of growing season, differences in cultivar maturity, and timing 
and extent of injury.  With these factors in mind, experimental findings from past studies, with regard to the 
ability of the cotton plant to recover from defoliation (of both seed leaves and true leaves), meristem injury, 
stalk-cutoffs, loss of flowering buds, loss of flowers, and boll removal, are summarized.  
Defoliation 
 The cotton plant is capable of withstanding a great deal of leaf loss without a significant loss in 
yield. Loss of all or parts of the cotyledon leaves may cause concern in the eyes of the grower, but test 
results show just how resilient cotton is to damage at this stage.  Studies show that loss of half of one 
cotyledon may actually stimulate the plant to an increase in yield 4 to 6%.  The loss of one cotyledon may 
cause no significant decrease in lint yield, while the loss of one and one-half cotyledon causes an average 
of 25% yield decrease and the loss of both will cause an average of 90% loss (Verhalen et al., 2008).  
Longer and Oosterhuis (1999) suggested that loss of one or two cotyledons, depending on growing 
conditions, was an appropriate threshold.  Loss of one cotyledon numerically decreased lint yield (not 
statistically) in a dry-hot year and had no effect on yield in a cooler-moist year, demonstrating the 
dependency of cotton compensation on growing conditions.  They observed that extremely hot and dry 
growing conditions, following excessive injury to both cotyledons and the first true leaf, would lead to 
eventual seedling death, while cotton with identical damage in cooler, moist conditions could survive with 





laboratory sandblasting (abrasive flux density of 0.42 g cm¯¹, wind velocity of 13.4m s ¯¹, for 40 minutes) 
did not require replanting in every case (Baker, 2007).  
 Recovery of cotton after 25, 33.3, 50, 66.6, 75 and 100% defoliation at four different stages of 
growth throughout the growing season in Texas showed that there was no correlation between percent 
defoliation and final yield and that only 100% defoliation treatments consistently resulted in a decrease in 
yield.  The most critical time for defoliation in the life cycle of the cotton plant occurred during flowering 
and boll development periods (Lane, 1959), when even 75% removal caused significant reductions in yield 
in some instances. 
Injury to Meristematic Tissues 
 Injury to the meristem or growing point of the cotton plant during the seedling stage may arise as a 
result of herbivore feeding, especially as a result of thrips injury.  Five species of thrips commonly cause 
injury to U.S. cotton: western flower thrips, flower thrips, tobacco thrips, onion thrips, and soybean thrips 
(Cook et al., 2011).  Thrips feed on newly emerged cotyledons and true leaves causing an abnormal growth 
pattern referred to as “crazy cotton” when the dominant meristem is severely damaged (Cook et al., 2011).  
Thrips feed on the contents of epidermal cells, killing punctured cells.  Cells that remain unharmed 
continue to differentiate giving a curled or puckering appearance to the affected leaf.  This injury will lead 
to delays in maturity and reductions in overall yield if not managed through the use of seed treatments, in-
furrow insecticides, or topical applications of insecticides (Cook et al., 2011). 
Damage to Stems, Stalks and Branches 
 More severe weather events such as hail storms may result in damage to stems, stalks, and 
branches.  Lane (1959) observed the effects of stem damage as a possible characteristic of hail damage.  
Stem scarring and splitting treatments performed using a knife to scrape bark and puncture stems had no 
significant effect on yield or maturity but did tend to weaken the plant.  Additionally, plants cutoff above 
the cotyledonary node (low cutoff), throughout June and July yielded less when performed later compared 
with plants cutoff at the midjoint (middle cutoff) at seedling, squaring, flowering and young boll stages of 
the season (Lane, 1959).  Yield loss associated with the low cutoff increased as the same treatment was 





more detrimental than the same treatment applied in early June.  Similarly, middle cutoff had a greater 
impact on yield when the treatment was applied later in the season, but the decrease in yield was not as 
severe as with the low cutoff.  To summarize Lane’s findings, lower stalk injury late in the early season is 
more severe than middle stalk injury.  Plants injured in the early part of the growing season are still worth 
managing and often times will be more mature than replanted cotton by first-frost (Lane, 1959).  
 Loss of fruiting branches has been studied as a means to increase production by stimulating 
growth and improving drought avoidance.  Removal of two early fruiting branches at squaring has been 
observed to increase lint yields by 5.3% (Wang et al., 2011).  Also, removal of all fruiting branches below 
the ninth node was shown to increase root growth, but had no significant effect on yield.  Recent work on 
the impact of fruiting branch removal in Arizona indicated that cotton has the remarkable ability to 
compensate for injury, given ample time in the growing season following injury.  Wang et al. (2011) saw 
that after removal of 100% of fruiting branches at peak bloom, plants were able to recover nearly 83% of 
control yields (16.8% yield decrease compared with control).  
Loss of Flowering/Terminal Buds 
 Destruction of terminal buds in simulated hail damage experiments, commonly referred to as 
“topping”, did not cause negative yield effects when executed during vegetative growth.  In the later stages 
of reproductive growth the injury caused elongation of existing fruiting limbs rather than regrowth of 
lateral branches.  Data indicated that the stage of growth where the largest decrease in yield occurs was 
during the seedling stage with approximately 10% yield decrease.  A slight decrease in yield was seen with 
injury during all four stages of growth; seedling, square initiation, flowering, and young boll (Lane, 1959). 
 Holman and Oosterhuis (1999) studied the effects of floral bud loss due to insect infestation on 
cotton photosynthesis and carbon partitioning.  They determined that insect-induced abscission reduced 
yield by 21% but led to an increase in canopy photosynthesis and an increase in labeled carbon recovery in 
the terminal node as opposed to the fruiting branch of the source leaf.  Early-season loss of fruit also led to 
a decrease in the late-season ratio of reproductive to vegetative growth and an increase in overall plant 
height, illustrating a shift in partitioning of dry-matter associated with this damage.  Although light 





recover in terms of yield.  The researchers suggested that the ability of the plant to recover in terms of 
retaining outer position bolls is limited by the environment, in which the duration of favorable conditions 
following injury is a major factor contributing to the amount of compensatory growth exhibited by the 
plant.  
 Bednarz and Roberts (2001) determined that spatial yield distribution was affected by removal of 
early-season floral buds.  When one-half or all floral buds were removed by hand for one, two, or three 
consecutive weeks starting approximately 43 days after planting, they concluded that 50% removal of 
flowering buds for 1 week had no effect on spatial yield distribution, but, with increasing intensity of bud 
removal, they saw a decrease in the probability of harvesting a mature boll lower in the plant canopy and in 
the first sympodial position.  However, increasing intensity of bud removal increased the probability of 
harvesting a mature boll in the upper canopy and at the third sympodial position.  Removal of floral buds 
also caused a decrease in boll weight at the first position.  Also, their results showed that bud removal 
increased the number of fruiting sites.  In summary, the removal of floral buds increased production in 
upper and outer fruiting positions, providing a mechanism for the plant to compensate for early-season 
removal of flowering buds.  
Flower Removal 
 The removal of flowers during the weeks following the initiation of anthesis affects boll initiation 
(Jones et al., 1996; Wells, 2001), boll weight (Jones et al., 1996; Wells, 2001), and canopy photosynthesis 
(Wells, 2001).  Early removal of flowers causes a delay in boll initiation, but may or may not affect yield 
(Jones et al., 1996).  Jones et al. (1996) found that the delay in boll initiation observed with early removal 
of flowers (up to 3 weeks following anthesis) could be tolerated as long as the growing season allowed 
sufficient time for compensatory growth and other stresses were controlled.  Also, the removal of flowers 
has been observed to increase the weight of the remaining actively growing bolls, indicating that the 
removal of fruiting forms caused a redirection of assimilate to alternate sinks (Jones et al., 1996).  Mid- and 
late-season removal of bolls led to a decrease in yield (Jones et al., 1996).   Wells (2001) observed that 





This increase in photosynthesis was not directly related to increased chlorophyll content, but perhaps 
related to morphological alterations such as modified leaf angles (Wells, 2001). 
 
BIOTECHNOLOGY IN MODERN COTTON PRODUCTION 
 Biotechnological tools allow genetic engineers to introduce genes into crop genomes that are 
typically difficult to introduce by means of traditional breeding methods (Jauhar, 2006).  While 
biotechnological tools are used to incorporate previously difficult genes into crop genomes, a modified 
version of the backcross breeding method of incorporating single genes is used typically to develop 
transgenic crops (Bowman et al., 2003).  Genetic modifications of crop plants are an important factor in 
production of U.S. cotton.  Through the use of molecular techniques, genetic engineers have been 
successful in introducing novel genes into the cotton genome and other agronomically important crops, 
enhancing their productivity in most instances.  The two most agronomically important groups of 
genetically modified traits are herbicide tolerance and insect resistance (Choi, 2011).  The ability of 
transgenic cotton cultivars to withstand herbicide application and insect feeding has revolutionized modern 
agriculture.   
BXN Technology 
 In 1995, the first transgenic cotton seed introduced to the market was resistant to the broad-leaf 
herbicide bromoxynil and called BXN cotton (Jost et al., 2008).  Bromoxynil could be used for post 
emergence control of dicotyledonous weeds, such as cocklebur and morning glory, up to 75 days prior to 
harvest, but it was poor in control of pigweed (Amaranthus sp.) and grasses (Blair-Kerth, 2001).  The use 
of bromoxynil in BXN cotton improved control of these broadleaf weeds where traditional cotton 
herbicides would commonly allow escapes (Jost et al., 2008).  Bromoxynil-resistant cotton was distributed 
by Emergent Genetics Inc. as a Stoneville brand, but the sale of BXN cultivars was discontinued after 2004 
due to becoming obsolete by the herbicide resistance technology known as the Roundup Ready® trait 
(cotton event MON 1445, Monsanto Co., St. Louis, MO) (Delta Farm Press, 2004).    





 Insect-resistant cotton was developed by means of biological control technology.  Insect 
resistance, brought about by the introduction of genes from the bacterium Bacillus thuringiensis (Bt), was 
first introduced in 1996 and marketed originally as Bollgard cotton (Jost et al., 2008).  Expression of the Bt 
gene lead to the production of the endotoxin Cry 1Ac in plant tissues.  This protein is lethal to many 
lepidopteron insect pests in cotton, such as the bollworm (Helicoverpa zea), pink bollworm (Pectinophora 
gossypiella), and the tobacco budworm (Heliothis virescens) (Jost et al., 2008).  Since its original 
introduction, a “second-generation” of Bt cotton has been developed.  The second generation, marketed as 
Bollgard II, was registered in 2003. Bollgard II cotton contains two endotoxins (Cry 1Ac and Cry2Ab2), 
both derived from Bacillus thuringiensis, which broaden the spectrum of control on lepidopteron pests 
(Monsanto, 2003; Jost et al., 2008). 
Glyphosate and Glyphosate/Glufosinate Tolerant Varieties                                                                 
 Roundup Ready® technology allows the producer to apply glyphosate (at recommended rates) in 
broadcast situations over their crop, controlling weeds and without harming the crop.  The success of the 
Roundup Ready® system is based on the fact that glyphosate is effective on a wide range of weeds at most 
any growth stage (Steckel et al., 2012).  Glyphosate is a broad-spectrum, non-selective herbicide that 
inhibits the activity of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), a critical enzyme in amino 
acid synthesis of the shikimate pathway (Cerny, 2010).                                                                                                                                 
 The first glyphosate-resistant cultivar was released by Monsanto under the Roundup Ready® 
brand (Cerny, 2010).  In 2006, 65% of the cotton crop contained an herbicide-resistance trait (Cerny, 2010), 
and, in 2009, greater than 93% of the total U.S. cotton crop was planted to a glyphosate-resistant cultivar; 
99 to 100% of the southeastern cotton crop was glyphosate-resistant (Whitaker et al, 2011).  Glyphosate 
resistance in agronomic crops is achieved by the insertion of a variant of the EPSPS gene derived from 
Agrobacterium sp. that binds glyphosate less efficiently (Cerny, 2010).  Its wide acceptance can be 
attributed to the convenience of over-the-top applications, simplicity of management systems, increased 
rotational options, and reductions in labor and time (Whitaker et al., 2011).                                                                                                        
 Prior to the release of the Roundup Ready® Flex technology in 2006, glyphosate could not be 





four-leaf stage caused damage to pollen, resulting in poor seed fertilization, and ultimately, fruit abortion 
(Lemon et al., 2005; Blair-Kerth et al., 2001).  Roundup Ready® Flex cotton was developed by introducing 
two CP4 epsps gene expression cassettes into the cotton genome (Wallace et al., 2011).  With the 
incorporation of the Roundup Ready® Flex gene, glyphosate can be applied throughout the period of fruit 
set without fruit damage (Jost et al., 2008).  This improvement allowed farmers to make weed control 
applications based on weed growth stage, regardless of crop growth stage (Lemon et al., 2005).                                            
Glytol® and Glytol+LibertyLink® technologies are relatively new to the cotton industry. 
Commercial cotton cultivars were developed and released for the 2012 growing season.  Glytol® cotton is 
engineered by means of the agrobacterium-mediated gene introduction of the 2mepsps gene (Wallace et al., 
2011).  The introduced gene encodes a modified version of EPSPS enzyme, which greatly reduces the 
glyphosate binding affinity, conferring glyphosate resistance to engineered plants (Wallace et al., 2011). 
Cultivars have also been developed which contain both Glytol® and LibertyLink® technologies conferring 
resistance to both glufosinate and glyphosate (Wallace et al., 2011).                        
LibertyLink® Technology                                                                                                              
 LibertyLink® cotton was developed through the insertion of the bialaphos resistance (bar) gene, 
which confers tolerance to glufosinate (Whitaker et al., 2011).  The bar gene, which encodes the PAT 
protein, was isolated from the soil bacterium Streptomycyes hygroscopius (OGTR, 2009; Culpepper, et al., 
2009).  Despite its excellent tolerance to glufosinate, lack of performance and poor adaptation to growing 
conditions in the southern states led to LibertyLink® cultivars only accounting for 1% of the total 2009 
cotton crop in southeastern and midsouthern regions of the U.S. (Whitaker et al., 2011).  Glufosinate can be 
applied to LibertyLink® cotton from seedling emergence until early bloom (Culpepper et al., 2009).  
Cotton varieties containing LibertyLink® and Bollgard® II technologies are currently available and are 
known as “stacked” varieties.                                                                                                                              
 Glufosinate, with timely applications, is a broad-spectrum herbicide that is capable of controlling 
glyphosate-resistant Palmer amaranth when applied post emergence (Culpepper et al., 2009).  The active 
ingredient in glufosinate-based herbicides, glufosinate-ammonium, is herbicidal due to the fact that it 





acid synthesis and photosynthesis, leading to severe damage to plant tissues, ultimately killing the plant” 
(OGTR, 2009, p.17).  In cotton production, the current product goes by the trade name Liberty 280 SL 
(BayerCropScience, RTP, NC), and the formulation is 24.5% glufosinate-ammonium salt.  Liberty is 
labeled for weed control applications in cotton, corn, canola, and soybean designated as LibertyLink®; 
however, it can be applied to non-LibertyLink® crops when applied using equipment to shield foliage from 
herbicide contact.  In cotton, the recommended rate of application is 0.59 kg glufosinate ha¯¹, when used to 
control Palmer amaranth at a maximum height of approximately 10 cm.  At the 0.59 kg ha¯¹ rate, 
glufosinate cannot be applied more than three times in one growing season.  It is recommended that 
sequential applications be timed 10-14 days apart. In cotton, if more than 0.59 kg glufosinate ha¯¹ is applied 
at any given time in the growing season, the maximum seasonal rate is 1.46 kg glufosinate ha¯¹.  Otherwise, 
the maximum in-season rate is 1.77 kg glufosinate ha¯¹.  Liberty herbicide should be applied broadcast with 
a minimum of 141 L water ha¯¹.  Between 188 to 376 L water ha¯¹ is recommended as the carrying volume 
where coverage may be an issue.  Liberty should not be applied within 70 days of harvest (Anonymous, 
2011). 
WideStrike® Technology 
 “Widestrike is a trade name for a stacked insect-resistant event.  A stacked GMO contains 
exogenous genes engineered into a crop plant by cross breeding two parental GM lines, re-transformation, 
or transformation with linked genes.”(Choi, 2011, p. 1).  Following the release and lack of regional 
acceptance of LibertyLink® cotton, WideStrike® cotton varieties were released.  Parental lines for the 
development of WideStrike® cotton were initially integrated with t-DNA vectors via agrobacterium-
mediated gene insertion.  In two separate events, cells were cultured with A.tumefaciens, which contained, 
in its DNA, the plasmid for the gene construct of interest.  Then glufosinate was used to select for 
individual cells which contained the desired genes, and cells were used to transform the commercial variety 
GC510.  After the formation of two parents, one containing Cry1F plus PAT and the other containing 





355, recurrent parent) already commercially available.  After three sequences of backcrossing, the two lines 
were crossed, forming WideStrike® cotton (OGTR, 2009).  
 In summary of the breeding method, WideStrike® varieties were developed by cross-breeding a 
transgenic line which produces the crystal protein gene Cry1F and a transgenic line which produces 
Cry1Ac.  Proteins Cry1F and Cry1Ac are insecticidal crystalline proteins produced by Bacillus 
thuringiensis or Bt. Bacillus thuringiensis is a bacterium which produces a “parasporal crystal composed of 
one or more crystalline proteins (Cry).  The formation of the parasporal crystal distinguishes Bt from other 
Bacillus species.  Cry proteins of each Bt subspecies are often toxic to specific taxonomic classes of 
invertebrate” (OGTR, 2009, p.5).  Both of these events utilize the phosphinothricin acetyltransferase (pat) 
gene, which was inserted as a selectable marker during plant transformation.  WideStrike® varieties such 
as Phytogen 375 WRF, with the “WRF” designation, are crosses between WideStrike® lines and a 
glyphosate-resistant line (MON88913), enabling the stacking of both WideStrike® and Roundup Ready® 
Flex traits (Culpepper et al., 2009).  Since WideStrike® varieties were initially released for insect 
protection, neither the company that produces WideStrike® cotton, nor the producer of Liberty herbicide 
recommend the use of glufosinate for weed management in broadcast situations with WideStrike® cotton 
(Whitaker et al., 2011), and the grower is responsible for any injury that occurs as a result of not following 
application procedures provided by the companies.  Although application of glufosinate in WideStrike® 
cotton is not recommended, the U.S. Environmental Protection Agency has ruled that it can be applied 
legally since WideStrike® cotton is tolerant to glufosinate. 
The pat Gene and PAT Protein 
 The pat gene also confers resistance to glufosinate (Whitaker et al., 2011).  WideStrike® cotton 
contains two complete copies of the pat gene and one additional fragment incorporated during introduction 
of the genes into one of the original parents (GC 510).  The pat gene was introduced from the organism 
Streptomyces viridochromogenes and encodes the enzyme phosphinothricin acetyltransferase (PAT) 
(OGTR, 2009).  Both LibertyLink® and WideStrike® cotton cultivars express the PAT enzyme. The bar 
gene and the pat gene in the two varieties are 87% similar in regard to nucleotides and 85% similar in 





plant genome, lead to expression of the PAT protein.  The PAT protein or enzyme “detoxifies glufosinate 
ammonium by acetylation of the L-isomer into N-acetyl L-glufosinate ammonium (NAG), which does not 
inhibit the enzyme glutamine synthetase, and therefore, confers resistance to the herbicide” (OGTR, 2009, 
p. 17).  Non-phytotoxic N-acetyl L-glufosinate ammonium can also be referred to as “N-acetyl-L-
phosphinothricin” (Culpepper et al., 2009).  While LibertyLink® cotton and WideStrike® cotton both 
produce the PAT protein, the pat gene inserted as a selectable marker in the formation of WideStrike® 
cultivars leads to a lower level of PAT activity (Steckel et al., 2012).  The lower level of PAT activity in 
WideStrike® cultivars leads to incomplete tolerance to glufosinate compared with LibertyLink® varieties 
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 The development and proliferation of glyphosate-resistant (GR) weed biotypes has increased over 
the past decade due to the widespread adoption of transgenically-modified, glyphosate-tolerant cotton 
varieties and intense selection pressure from extensive glyphosate use.  One alternative available to growers 
for controlling GR weed populations in cotton is the use of glufosinate (Liberty 280SL, 24.5% glufosinate-
ammonium salt) on glufosinate-tolerant, transgenic cotton varieties.  A replicated field experiment was 
conducted on a Norfolk loamy sand in 2011 and a Noboco loamy sand in 2012 at the Pee Dee Research and 
Education Center in Florence, SC to determine the effects of topical applications of glufosinate on the 
growth, lint yield, and fiber properties of WideStrike® and LibertyLink® cotton varieties.  Five 
WideStrike® cotton varieties (Phytogen [PHY] 367WRF, PHY 375WRF, PHY 440W, PHY 499WRF, and 
PHY 565WRF) and three LibertyLink® cotton varieties (FiberMax [FM] 1773LLB2, FM 1845LLB2, and 
Stoneville [ST] 4145LLB2) were sprayed topically with sequential applications of glufosinate at 0.59 kg 
ha¯¹ (labeled rate) at the 1- to 3-leaf stage and the 7- to 9-leaf stage.  Glufosinate- and weed-free plots were 
maintained as controls for each variety.  Application of glufosinate caused slight reductions in overall plant 
health and plant injury in the form of leaf chlorosis and necrosis when applied to WideStrike® and 
LibertyLink® cotton varieties compared with unsprayed varieties.  Sprayed WideStrike® varieties 
displayed as much as 3% greater leaf chlorosis and 8% greater leaf necrosis (11% greater cumulative leaf 
injury) than sprayed LibertyLink® varieties, and damage was more pronounced following applications of 
glufosinate at the 1- to 3-leaf stage than at the 7- to 9-leaf stage.  Damage appeared to be transient and 
symptoms of phytotoxicity, such as leaf chlorosis and necrosis, were not present at harvest.  No differences 
in lint yield were found among sprayed and unsprayed varieties of WideStrike® and LibertyLink®.  
However, averaged across all varieties, lint yield of cotton sprayed with glufosinate was 105 kg ha¯¹ greater 
than unsprayed cotton varieties and yield increases of sprayed cotton appeared to be related to an increase 
in boll development.  Glufosinate-sprayed varieties produced more 1st position bolls (11% increase) and 
more bolls between mainstem nodes 11 and 15 (29% increase) than unsprayed varieties.  No glufosinate 





producers planting glufosinate-tolerant WideStrike® and LibertyLink® cotton varieties and using 
glufosinate at labeled rates can adequately control GR Palmer amaranth (Amaranthus palmeri S. Wats.) 
without negatively affecting lint yield or fiber quality.  Additionally, cotton producers could experience 
yield increases of up to 10% as a result of application of glufosinate at labeled rates in WideStrike® and 






























  Glyphosate resistant (GR) weed biotypes have developed due to intense selection pressure 
through widespread glyphosate use and the adoption of monoculture production systems which rely on 
glyphosate-tolerant varieties.  Glyphosate-resistant Palmer amaranth was first discovered in Georgia in 
2005 (Culpepper et al., 2009).  Since its initial discovery, populations of GR Palmer amaranth have been 
reported in most major cotton producing states in the southeastern U.S. (Wallace et al., 2011).  Control of 
GR Palmer amaranth is of upmost concern to cotton producers because of its potential to reduce yields, 
increase production costs, and interfere with mechanical harvest (Culpepper et al., 2009; Whitaker et al., 
2011). 
 One option for control of GR weed populations is the use of glufosinate (Liberty 280SL, 24.5% 
glufosinate-ammonium salt) in glufosinate-tolerant transgenic cotton varieties.  Glufosinate is a non-
selective, broad-spectrum herbicide that is effective in controlling GR Palmer amaranth when applied at a 
timely manner (Steckel et al., 2012).  Glufosinate is a glutamine synthetase inhibitor that leads to ammonia 
accumulation in susceptible plants, ultimately inhibiting amino acid synthesis and photosynthesis leading to 
severe damage or plant death (OGTR, 2009).  
 WideStrike® (Dow Agrosciences, Indianapolis, IN) and LibertyLink® (Bayer CropScience, 
Monheim, Germany) cotton varieties are tolerant to glufosinate and have been engineered to express the 
phospinothricin acetyltransferase enzyme (PAT), which allows the plant to detoxify glufosinate and avoid 
inhibition of amino acid synthesis and photosynthesis (OGTR, 2009).  LibertyLink® (LL) cotton varieties 
have been engineered for both insect protection and glufosinate tolerance through insertion of specific 
genes from Bacillus thuringiensis (Bt) and Streptomyces hygroscopius, respectively.  Insect control occurs 
through the expression of two endotoxins specific to the Genuity® Bollgard II® (B2) system  (Monsanto 
Co., St. Louis, MO), while glufosinate tolerance is conferred through insertion of the bialaphos resistance 
(bar) gene.  Similarly, WideStrike® (W) cotton varieties have been intentionally engineered for both insect 
protection and glyphosate tolerance via insertion of specific genes from Bt and Agrobacterium sp., 





protection system, while glyphosate tolerance is provided through the Roundup Ready® Flex (RF) system 
(Monsanto Co., St. Louis, MO).  Glufosinate tolerance in WideStrike® cotton varieties is a result of the 
insertion of the phosphinothricin acetyltransferase (pat) gene as a selectable marker to aid in the selection 
of plants successfully transformed with insect protection traits (OGTR, 2009).  
 Dow Agrosciences, which markets WideStrike® cotton, does not condone the use of glufosinate 
in a post emergence, broadcast setting.  Therefore, any risk of damage or crop loss when glufosinate is 
applied topically to WideStrike® cotton is assumed by the grower.  However, since WideStrike® cotton 
varieties are tolerant to glufosinate, the U.S. Environmental Protection Agency has ruled that this 
application is legal (Dodds et al., 2011).  Due to differences in the adaptability of LibertyLink® varieties, 
many cotton producers in the southeastern U.S. have chosen to assume the risk of crop injury and plant 
WideStrike® varieties, which tend to produce higher yields (Culpepper et al., 2009).   
 In Georgia, Culpepper et al. (2009) conducted three separate experiments to evaluate weed control 
and crop response of WideStrike® variety PHY 485WRF following glufosinate application.  Culpepper et 
al. (2009) found 15% greater injury in the form of leaf necrosis when PHY 485WRF was treated twice with 
glufosinate at the 0.43 kg ha¯¹ rate compared with PHY 485WRF sprayed twice with glyphosate at the 0.84 
kg ha¯¹ rate.  Injury in this study appeared to be transient, and seed cotton yields between cotton treated 
with either herbicide were similar.  In a separate experiment, Culpepper et al. (2009) found that injury of 
PHY 485WRF was 11% higher following glufosinate application at the 0.43 kg ha¯¹ rate and up to 20% 
higher injury at the 0.86 kg ha¯¹ rate compared with PHY 485 WRF treated with only glyphosate, yet no 
difference in seed cotton yield was observed at harvest.  Culpepper et al. (2009) also found PHY 485WRF 
and FM 955LLB2, treated with glufosinate at the 0.55 kg ha¯¹ rate showed greater injury than that of an 
untreated control but that yields were similar. 
 Recently, Dodds et al. (2011) reported no differences in injury or yield of sprayed and unsprayed 
FM 1773LLB2 at rates of glufosinate of up to four times the labeled rate.  Substantially greater injury was 
observed in PHY 375WRF and yields were reduced following glufosinate applications of three and four 





of PHY 375WRF when labeled rates of glufosinate were applied compared with the untreated control.  Lint 
yields of sprayed FM 1773LLB2 were numerically higher than those of unsprayed FM 1773LLB2 at each 
rate (0.59, 1.19, 1.76, and 2.38 kg ha¯¹).  Scientists have hypothesized that this yield increase could be 
attributed to better weed control in experimental plots treated with glufosinate.  It has also been observed 
that glufosinate has activity on arthropods including spiders, caterpillars of the skipper butterfly (Calpodes 
ethylius Stoll; Lepidoptera:  Hesperiidae) (Kutlesa and Caveney, 2001), and spider mites (Tetranychus 
urticae Koch) (Ahn et al., 2001), which may contribute to increased yields associated with application of 
this herbicide.  Furthermore, it is believed that altered expression of glutamine synthetase may improve 
nitrogen-use efficiency in plants (Miflin and Habash, 2001). 
 Therefore, research is needed to characterize the effects of glufosinate application on plant growth 
characteristics and boll production.  An experiment was conducted to determine the effect of sequential 
applications of glufosinate at 0.59 kg ha¯¹ at the 1- to 3-leaf stage and the 7- to 9-leaf stage on the growth, 



















MATERIALS AND METHODS 
 
 
 A replicated field experiment was conducted at the Pee Dee Research and Education Center in 
Florence, South Carolina on a Norfolk loamy sand (0-2% slope, fine-loamy, kaolinitic, thermic typic 
kandiudults) in 2011 and a Noboco loamy sand (0-2% slope, fine-loamy, siliceous, subactive, thermic 
oxyaquic paleudults) in 2012.  Five WideStrike® varieties (Phytogen [PHY] 367 WRF, PHY 375 WRF, 
PHY 440W, PHY 499 WRF, and PHY 565 WRF) and three LibertyLink® varieties (FiberMax [FM] 1773 
LLB2, FM 1845 LLB2, and Stoneville [ST] 4145LLB2) were sprayed topically with 0.59 kg ha¯¹ 
glufosinate at the 1- to 3-leaf stage and the 7- to 9-leaf stage.  Glufosinate- and weed-free plots were 
maintained as controls for each variety.  Treatments were replicated four times and arranged in a two-factor 
factorial treatment design, within a split-plot experimental design in both years.  Glufosinate applications 
were the whole-plot experimental units, and cotton varieties were the subplot experimental units.  Cotton 
was planted in a conventionally-tilled seed-bed at 13 seed m¯¹ with a four-row cone-planter on 11 May in 
both years.  Plots were four rows, with 0.97 m between rows and 12.2 m in length.  
 All glufosinate applications were applied using either a SpraCoupe (SpraCoupe Model 4650, 
Agco. Corporation) or a Case IH CX-70 tractor fitted with a four-row spray boom calibrated to apply 224.6 
L ha¯¹.  Glufosinate was applied as a soluble-liquid formulation (Ignite 280SL or Liberty 280SL, Bayer 
CropScience, both 24.5% glufosinate-ammonium salt) with Teejet® Flatfan 80 03VS (TeeJet 
Technologies, a subsidiary of Spraying Systems Co., Wheaton, Illinois) as the spray nozzles.  In 2011, the 
1- to 3-leaf application was made at 22 DAP (4:00 PM EDT; ambient temperature of 33.3ºC; 59% RH) and 
the 7- to 9-leaf application was made at 40 DAP (2:15 PM EDT; ambient temperature of 38.3ºC; 53% RH).  
In 2012, the 1- to 3-leaf application was made at 24 DAP (5:22 PM EDT; ambient temperature of 26.1ºC; 
66% RH) and the 7- to 9-leaf application was made at 40 DAP (4:57 PM EDT; ambient temperature of 
31.7ºC; 45% RH).  
All field maintenance procedures (weed control, insect control, fertilization, defoliation, etc.) were 
performed based on recommended management practices for cotton production in South Carolina (Jones et 





conventional cotton through the use of residual and selective herbicides.  At planting, a tank-mixture of 
pendimethalin and fomesafen was broadcast at 1.10 and 0.43 kg ha¯¹, respectively.  Approximately four 
weeks after planting, a tank-mixture of pyrithiobac and acetochlor was applied topically at 0.07 and 1.70 kg 
ha¯¹, respectively.  Clethodim was applied topically with 2.80 L ha¯¹ crop oil, at 0.13 kg ha¯¹, seven weeks 
after planting in 2012 only.  A tank-mixture of monosodium acid methanearsenate (MSMA) and 
prometryn, at rates of 2.30 kg ha¯¹ and 0.85 kg ha¯¹, respectively, was applied post-directed approximately 
eight weeks after planting in both years.  All herbicide applications were applied uniformly to each plot, 
regardless of plot-specific weed pressure.  Hand-weeding was also used when necessary.   
Plant heights and total nodes were recorded at five weekly sampling intervals in both years, 
starting at three weeks after planting.  Measurements were taken from five consecutive plants in the second 
row of each plot.  Seven and fourteen days after each application of glufosinate, the two-center rows of 
each plot were rated for overall plant health, percent leaf chlorosis, and percent leaf necrosis.  Overall plant 
health was rated on a scale of 1 to 10 (1 = dead plant; 10 = plant in perfect health), while percent leaf 
chlorosis and leaf necrosis were estimated based on average, whole-plant symptoms in a given plot.  Prior 
to harvest, an end-of-season procedure for mapping plants was conducted in both years to assess plant 
growth parameters.  Plant height, total nodes, number of vegetative branches, first fruiting branch, boll 
number by sympodial position and nodal location, total fruiting bolls, fruiting sites, and fruit retention, 
were measured from 0.5 m of row (Jones et al., 1996).  
Plots were harvested on 21 October 2011 and 26 October 2012 using a two-row spindle-picker 
(Case IH 1822) modified for research purposes.  The two center rows of each plot were harvested and 
weighed, and approximately 250 g of seed cotton were collected from each plot for ginning and evaluation 
of fiber properties.  Seed cotton samples were ginned using a 10-saw gin (Continental Gin Co.) and gin 
turnout was determined and used to calculate lint yield on an area basis.  Fiber samples were sent for to Star 
Lab (Knoxville, TN) for HVI (High-Volume Instrumentation) analyses.  Fiber properties determined in 





Data recorded were combined over years, and fixed effects were a full factorial of year, 
glufosinate treatment, and variety.  Random effects were block (nested within year), glufosinate x block 
(nested within year), and variety x block (nested within year).  Data were analyzed with PROC MIXED, 
using JMP® Pro 10.0.0 software (product of SAS Institute Inc., Cary, NC).  All means were separated 



























RESULTS AND DISCUSSION 
 
 
 Several significant variety x glufosinate application interactions were found for all three leaf 
health parameters evaluated (overall plant health ratings, percent leaf chlorosis, and percent leaf necrosis) 
at 7 and 14 days after initial treatment (DAIT) (Tables 2-1 to 2-3).  Glufosinate applied at labeled rates on 
WideStrike® cotton varieties at the 1- to 3-leaf stage decreased overall plant health (Table 2-1), increased 
the percent leaf chlorosis (Table 2-2), and increased the percent leaf necrosis (Table 2-3) at 7 and 14 DAIT 
compared with unsprayed WideStrike® cotton varieties.  All five WideStrike® cotton varieties sprayed 
with glufosinate responded similarly, with a 0.4 to 0.5 unit decrease in overall plant health rating, a 3 to 4% 
increase in leaf chlorosis, and an 8 to 9% increase in necrosis at 7 DAIT and a 0.2 unit decrease in plant 
health, a 0.4 to 1% increase in leaf chlorosis, and a 4 to 6% increase in necrosis at 14 DAIT, respectively.  
Applying labeled rates of glufosinate at the 1- to 3-leaf stage on three LibertyLink® cotton varieties had 
only minor impacts on the overall plant health at 7 and 14 DAIT compared with unsprayed cotton, but a 
slight reduction (0.2 unit decrease) in the overall plant health of FM 1773LLB2 was found at 7 DAIT.  The 
overall plant health of all three LibertyLink® cotton varieties was reduced 0.2 to 0.3 units when sprayed 
with labeled rates of glufosinate at the 1- to 3-leaf stage at 14 DAIT.  In general, no differences in percent 
leaf chlorosis or necrosis were found at 7 or 14 DAIT among LibertyLink® cotton varieties sprayed with 
labeled rates of glufosinate or unsprayed at the 1- to 3-leaf stage.  
 Glufosinate applied at 0.59 kg haˉ¹ at the 7- to 9-leaf stage decreased the overall plant health of 
both WideStrike® and LibertyLink® cotton varieties by 0.4 units at 32 DAIT compared with unsprayed 
cotton varieties.  However, no differences in overall plant health were found among the eight sprayed and 
unsprayed cotton varieties at 39 DAIT (Table 2-1).  A significant variety x glufosinate application 
interaction was found for percent leaf chlorosis 32 DAIT (Table 2-2), with all five WideStrike® cotton 
varieties showing greater leaf chlorosis (1 to 2% increase) when sprayed with labeled rates of glufosinate at 
the 7- to 9-leaf stage compared with unsprayed WideStrike® cotton varieties.  The three LibertyLink® 
cotton varieties also exhibited more leaf chlorosis at 32 DAIT when sprayed at the 7- to 9-leaf stage 





observed with the WideStrike® varieties.  Although no statistical differences were found in leaf chlorosis 
between sprayed and unsprayed ST4145LLB2 and PHY 565WRF at 39 DAIT, most WideStrike® and 
LibertyLink® cotton varieties sprayed with glufosinate at the 7- to 9-leaf stage consistently had more leaf 
chlorosis at 39 DAIT compared with unsprayed cotton varieties.  Similar to the leaf chlorosis ratings, a 
significant variety x glufosinate application interaction was also observed for percent leaf necrosis at 32 
DAIT (Table 2-3), with all five WideStrike® cotton varieties and two of the Liberty-Link® varieties (FM 
1845LLB2 and ST 4145LLB2) showing greater leaf necrosis (1 to 2%) when sprayed with labeled rates of 
glufosinate at the 7- to 9-leaf stage compared with unsprayed WideStrike® and LibertyLink® cotton 
varieties.  No difference in leaf necrosis was found between FM 1773LLB2 sprayed at the 7- to 9-leaf stage 
and unsprayed FM 1773LLB2 at 32 DAIT.  At 39 DAIT, PHY 375WRF showed greater leaf necrosis when 
sprayed with glufosinate at the 7- to 9-leaf stage compared with unsprayed PHY 375WRF.   
 The highest levels of cumulative leaf injury (percent leaf chlorosis + percent leaf necrosis) were 
observed seven days after glufosinate application at the 1- to 3-leaf stage.  On average, sprayed 
WideStrike® varieties showed 12% more cumulative leaf injury than unsprayed WideStrike® varieties and 
11% more cumulative leaf injury than sprayed LibertyLink® varieties.  No differences in cumulative leaf 
injury were observed between sprayed and unsprayed LibertyLink® varieties following application of 
glufosinate at the 1- to 3-leaf stage.  As new leaves were produced, visibility of injury symptoms 
diminished seven to fourteen after application and no differences in overall plant health, leaf chlorosis, or 
leaf necrosis between sprayed and unsprayed cotton varieties were observed at season’s end.  These data 
agree with Culpepper et al. (2009) in Georgia, who found 11 to 15% greater injury of PHY 485WRF 
sprayed topically with 0.43 kg glufosinate ha¯¹ compared with PHY 485WRF receiving no glufosinate and 
Dodds et al. (2011) in Mississippi, who found greater injury of PHY 375WRF sprayed with glufosinate 
compared with unsprayed PHY 375WRF.   Similar to Culpepper et al. (2009) who also found greater injury 
of FM 955LLB2 when treated with glufosinate at the 0.55 kg ha¯¹ rate, we found slight increases in injury 





Dodds et al. (2011) who reported no differences in injury on FM 1773LLB2 at rates of up to four times the 
labeled rate.     
 Three-way interactions among year, glufosinate treatment, and variety were observed for total boll 
production, monopodial boll production, and boll production at the 3rd sympodial position and greater 
(Table 2-4).  In 2011, spraying glufosinate had no effect on total boll production, monopodial boll 
production, or boll production at the 3rd sympodial position, except for sprayed PHY 375WRF, which 
produced 10 fewer monopodial bolls m¯¹ than unsprayed PHY 375WRF in 2011 (Table 2-4).  In 2012, FM 
1845LLB2, ST 4145LLB2, and PHY 375WRF produced 54, 32, and 58% more bolls respectively, in 
response to glufosinate application while, PHY 367WRF produced 34% fewer bolls as a result of 
glufosinate application (Table 2-4).  Increased boll production of sprayed ST 4145LLB2 and PHY 
375WRF corresponded with a nine and seven boll m¯² increase, respectively, at the 3rd sympodial position 
and greater (Table 2-4).  The reduction in total boll production observed in sprayed PHY 376WRF 
corresponded with a 14 boll m¯² decrease in monopodial boll production and a six boll m¯² reduction in 
boll production at the 3rd sympodial position and greater (Table 2-4).  Additionally, sprayed PHY 565WRF 
produced six fewer bolls m¯² at the 3rd sympodial position than unsprayed PHY 565WRF in 2012, but no 
differences were found in total boll production (Table 2-4).   
 No glufosinate application x variety interactions were observed for any of the other parameters 
measured during final plant mapping in this study (Table 2-5; Table 2-6).  Therefore, data for these 
parameters were averaged over glufosinate application and variety.  Spraying glufosinate on WideStrike® 
and LibertyLink® cotton varieties had no effect on end-of-season plant height, total nodes, number of 
monopodia, nodal position of first fruiting branch, 2nd position sympodial boll production, sympodial bolls 
produced below node 10 or above node 15, or total fruiting sites produced (Table 2-5; Table 2-6).  Slight 
varietal differences in plant height were observed on several occasions early in the growing season, with 
shorter plants found as a result of glufosinate applications at 36 DAP in 2011 and 35 DAP in 2012 (data not 
shown).  In these cases, both sprayed PHY 440W and PHY 565WRF were five and four cm shorter 





significant at the 0.05 level of probability, application of glufosinate increased total boll production by 9% 
in all eight cotton varieties (Table 2-6).  This increase in boll production occurred at 1st position sympodia 
(12% increase) and at nodal positions 11 to 15 (29% increase).   
 The 2011 and 2012 growing seasons provided distinctly different growing environments with 
2011 having unfavorable weather and 2012 being nearly optimal (Fig. 2-1 A and B).  A more rapid 
accumulation of heat units (15.5ºC base) and less rainfall in the summer months led to lower lint yields in 
2011 (Table 2-7).  High early-season temperatures in 2011 led to the accumulation of 104 more heat units 
at 42 days after planting compared with 2012.   In 2011, maximum daily temperatures exceeded 35ºC 
fifteen times between 1 June and 31 August, and total rainfall during this time was only 22.5 cm.  In 2012, 
the maximum daily temperature also exceeded 35ºC fifteen times but total rainfall during this same time 
period was 31.5 cm.  At 203 days after planting, total heat unit accumulation was 1469 in 2011 and 1384 in 
2012, and total in-season rainfall was 48 cm in 2011 and 69 cm in 2012.  Substantially more rainfall was 
observed one week prior to glufosinate applications at the 1- to 3- and 7- to 9-leaf stages in 2012 compared 
with 2011, but increased plant tissue succulence due to rainfall appeared to have no effect on the level of 
injury sustained by the plant.   Prior to glufosinate application at the 1- to 3-leaf stage, 19 cm of rainfall fell 
in 2012 compared with 2 cm in 2011, but total leaf injury observed seven days after application was similar 
between the two years.   
 Due to differences in growing conditions, plants in 2011 were shorter, accumulated fewer nodes, 
and produced fewer bolls (22 bolls m¯² less) at season’s end compared with in 2012 (Table 2-5; Table 2-6).  
As a result, lint yields were 813 kg ha¯¹ higher in 2012 than in 2011.  Despite greater leaf injury of 
WideStrike® cotton varieties relative to that of LibertyLink® cotton varieties, no glufosinate application x 
variety interaction was observed for lint yield (Table 2-7).  Regardless of variety or herbicide-tolerance 
technology, lint yield of cotton sprayed with glufosinate was 105 kg ha¯¹ higher than untreated cotton.  
Dodds et al. (2011) reported numerical increases in lint yield following glufosinate application at the 0.59 
kg ha¯¹ rate in both WideStrike® and LibertyLink® cotton varieties.  In this study, lint yields of 





glufosinate at the labeled rate.  The eight cotton varieties evaluated differed in regard to lint yield, with of 
PHY 499WRF being the highest at 1351 kg ha¯¹ and PHY 440W being the lowest at 1066 kg ha¯¹.  There 
was no difference in the lint yield among ST 4145LLB2, PHY 375 WRF, PHY 365WRF, FM 1845LLB2, 
FM 1773LLB2, and PHY 367WRF (Table 2-7).  Gin turnout was 3.7% percent higher in 2011 than in 
2012, but glufosinate application had no effect on gin turnout (Table 2-7).  Differences in gin turnout were 
observed among varieties with PHY 499WRF having the highest gin turnout at 44.9% and FM 1773LLB2 
having the lowest gin turnout at 39.1% (Table 2-7).  No differences in gin turnout were observed among 
PHY 367WRF, PHY 565WRF, PHY 440W, ST 4145LLB2, and FM 1845, but gin turnout of PHY 
375WRF was slightly higher than these varieties (Table 2-7).  Micronaire was not affected by seasonal 
differences or by glufosinate application, but slight differences in micronaire were observed among 
varieties (Table 2-7).  Fiber lengths were slightly longer in 2012 compared with 2011, but glufosinate 
application had no effect on fiber length (Table 2-7).  Slight differences in fiber length (< 2 mm) and 
strength (< 3 g tex¯¹) were observed among the evaluated varieties, but no differences among sprayed or 





















 WideStrike® cotton varieties were up to 11% more susceptible to leaf injury in the form of 
chlorosis and necrosis following topical applications of glufosinate at the labeled rate of 0.59 kg ha¯¹.  Leaf 
injury appeared more prominent when glufosinate was applied early at the 1- to 3-leaf stage.  Negligible 
differences in leaf injury were observed among sprayed WideStrike® and LibertyLink® cotton varieties.  
In the early season, applications of glufosinate caused small amounts of stunting in two WideStrike® 
varieties, but plant height and total node accumulation were not statistically different at season’s end.  Leaf 
injury caused by glufosinate appears to be transient because no differences in yield or fiber quality between 
sprayed and unsprayed cotton varieties were observed.  However lint yield of all eight cotton varieties 
sprayed with glufosinate were 105 kg ha¯¹ greater than those from identical unsprayed varieties.  Yield 
increases were likely related to an increase in boll production at the 1st fruiting position between nodes 11 
and 15.  Based on the results from this study, cotton producers planting glufosinate-tolerant WideStrike® 
and LibertyLink® cotton varieties who use of glufosinate at labeled rates to control GR Palmer amaranth 
are not negatively impacting lint yield.  The results of this study demonstrated that application of 
glufosinate on WideStrike® and LibertyLink® cotton varieties increases boll production, potentially 
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2011 2012 2011 2012 2011 2012
Sprayed† 53 44 10 7 0 4
Unsprayed 38 48 5 8 0 4
Sprayed 40 77 8 4 0 7
Unsprayed 38 50 4 2 1 2
Sprayed 48 94 10 26 1 12
Unsprayed 51 71 15 17 1 3
Sprayed 54 64 6 2 2 4
Unsprayed 46 86 7 16 0 10
Sprayed 46 95 6 8 1 10
Unsprayed 61 60 16 2 1 3
Sprayed 53 62 5 1 2 3
Unsprayed 44 65 6 7 1 7
Sprayed 50 78 7 2 1 6
Unsprayed 38 72 9 8 1 6
Sprayed 38 62 10 6 2 4
Unsprayed 41 73 10 8 0 10
LSD (0.05)
† Sprayed plots received 0.59 kg glufosinate-ammonium ha¯¹ at the 1- to 3- leaf stage (22 and 
24 days after planting (DAP) in 2011 and 2012, respectively) and at the 7- to 9-leaf stage (40 
DAP in both years). 
PHY 440W
Year Year Year
 – – – – – – – – bolls m¯² – – – – – – – – 
PHY 367WRF
Table 2-4. Significant three-way interactions among year, variety, and glufosinate 
application for monopodial boll production, bolls produced on 3rd sympodial position and 
greater, and total boll production for Widestrike® and LibertyLink® cotton varieties in 
response to topical applications of glufosinate-ammonium.  Values were determined from 


























Parameter Height Nodes Branches FFB† 1 2 > 3
Year cm plt.¯¹ no. plt.¯¹ no. plt.¯¹ pos. bolls m¯² bolls m¯² bolls m¯²
2011 52 16 3 7 32 6 1
2012 71 20 2 7 40 16 6
LSD (0.05) 6 1 NS NS 4 3 2
Glufosinate Application
Sprayed‡ 67 18 2 7 38 12 4
Unsprayed 64 18 2 7 33 10 3
LSD (0.05) NS NS NS NS 4 NS NS
Variety
FM 1773LLB2 64 18 3 8 29 8 2
FM 1845LLB2 63 17 3 7 39 9 3
ST 4145LLB2 68 18 3 7 35 11 4
PHY 367WRF 65 18 2 6 40 12 4
PHY 375WRF 66 18 3 6 41 12 4
PHY 440W 63 18 1 7 36 12 4
PHY 499WRF 67 18 2 8 38 11 4
PHY 565WRF 66 18 3 7 31 11 4
LSD (0.05) NS NS NS NS 8 NS NS
V x GA NS NS NS NS NS NS NS
Horizontal Sympodial Position
† FFB, nodal position of first fruiting branch.
‡ Sprayed plots received 0.59 kg glufosinate-ammonium ha¯¹ applied topically to cotton at the 1- to 
3-leaf stage (22 and 24 days after planting  in 2011 and 2012, respectively) and the 7- to 9-leaf stage 
(40 days after planting in both years)
Table 2-5. Plant growth characteristics and location of bolls on sympodial branches of Widestrike® 
and LibertyLink® cotton varieties (V) in response to topical glufosinate application (GA).  Values 





























‡ Sprayed plots received 0.59 glufosinate-ammonium kg ha¯¹ applied topically to cotton at the 
1- to 3-leaf stage (22 and 24 days after planting in 2011 and 2012, respectively) and the 7- to 9-
leaf stage (40 days after planting in both years).
† Mainstem node intervals used to delineate vertical plant strata.
10 NS 5 NS NS 5
59 0 27 22 3 7
NS NS NS NS NS NS
63 1 35 19 1 8
53 1 26 17 2 9
65 2 34 20 2 8
56 1 27 20 2 5
66 1 30 23 2 17
NS NS NS 4 NS NS
46 0 21 16 2 7
51 1 26 19 1 5
55 1 27 17 2 9
60 1 30 22 2 7
9 NS 2 3 1 NS
68 0 31 25 4 7
0 to 5 6 to 10 11 to 15 16 to 20 Bolls
Table 2-6. Location of bolls at vertical plant strata on Widestrike® and LibertyLink® cotton 
varieties (V) in response to topical glufosinate applications (GA) in 2011 and 2012.  Values 
were determined from plant mapping performed at harvest at PDREC in Florence, SC. 
46 1 25 14 0 8
– – – – – – – – – – –  bolls m¯² – – – – – – – – – – –











Fig. 2-1. Cumulative heat units with a 15.5ºC base (A) and weekly rainfall (B) in 2011 and 2012 in 
Florence, SC.  Values were calculated from data collected at PDREC (Florence, SC) and Florence 
Regional Airport (KFLO, Florence, SC).  Cotton was planted on 11 May in both years.  Symbols (†) 
and (‡) indicate glufosinate application days at the 1- to 3-leaf and the 7- to 9-leaf stage, respectively.
† ‡
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1 6 0 0
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Parameter Lint Yield Micronaire Strength Length
kg ha ¯¹ g tex̄ ¹ mm
Year
2011 753 5.0 31 27
2012 1566 4.8 31 30
LSD (0.05) 166 NS NS 0.5
Glufosinate Application
Sprayed§ 1212 4.9 31 28
Unsprayed 1107 4.9 31 28
LSD (0.05) 93 NS NS NS
Variety
PHY 499WRF 1351 5.0 32 27
ST 4145LLB2 1164 4.7 30 28
PHY 375WRF 1160 4.8 29 27
PHY 565WRF 1157 4.9 31 28
FM 1845LLB2 1145 5.2 32 29
FM 1773LLB2 1135 5.0 31 29
PHY 367WRF 1098 4.7 30 28
PHY 440W 1066 4.9 31 28
LSD (0.05) 73 0.2 1 0.5
V x GA NS NS NS NS
Table 2-7. Lint yield, gin turnout, and fiber properties† of Widestrike® and LibertyLink® cotton 
varieties (V) following topical glufosinate applications (GA) observed at harvest‡ in 2011 and 
2012 at PDREC in Florence, SC. 
1.0
NS
‡ Plots were mechanically harvested on 21 Oct 2011 and 26 Oct 2012 (163 and 168 days after 
planting, respectively). 
§ Sprayed plots received 0.59 kg glufosinate-ammonium ha¯¹ applied topically to cotton at the 1-
to 3-leaf stage (22 and 24 days after planting in 2011 and 2012, repectively) and the  7- to 9-leaf 
stage (40 days after planting in both years).
41.3
† Micronaire, strength, and length determined through HVI analyses conducted at Star Labs 

























COMPARING PLANT GROWTH RESPONSES OF A WIDESTRIKE AND A LIBERTY-LINK 
COTTON VARIETY FOLLOWING TOPICAL APPLICATIONS OF GLUFOSINATE 




















J.A. Sweeney, Clemson University, Florence, SC 29506; M.A. Jones, Pee Dee Research and Education 










 Production challenges presented by glyphosate-resistant weeds have led to the need for post 
emergence weed control alternatives in cotton production.  One weed management option available to 
cotton producers is the use of glufosinate in transgenic, glufosinate-tolerant cotton varieties.  A replicated 
field experiment was conducted on a Noboco loamy sand in 2011 and a Norfolk loamy sand in 2012 at the 
Pee Dee Research and Education Center in Florence, SC to determine the effect of topical applications of 
glufosinate at various rates and timings on the growth, lint yield, and fiber properties of Phytogen (PHY) 
375WRF and FiberMax (FM) 1773LLB2 cotton varieties.  Glufosinate was applied topically at the 1- to 3-
leaf stage, at the 7- to 9-leaf stage, and at both the 1- to 3- and 7- to 9-leaf stages at the 1, 2, 3, and 4x rates 
(0.59, 1.18, 1.77, and 2.36 kg ha¯¹, respectively).  In addition, each variety was sprayed topically at early 
bloom with glufosinate at the 1, 2, and 4x rates.  Glufosinate- and weed-free plots were maintained as 
controls for each variety.  When sprayed at the 1- to 3-leaf stage, PHY 375WRF had 12, 21, 19, and 29% 
greater leaf injury than FM 1773LLB2 when glufosinate was applied at the 1, 2, 3, and 4x rates, 
respectively.  When sprayed at the 7- to 9-leaf stage, PHY 375WRF exhibited 7, 11, 16, and 18% greater 
leaf injury than FM 1773LLB2 when glufosinate was applied at the 1, 2, 3, and 4x rates, respectively, and 
9, 12, and 15% greater leaf injury than FM 1773LLB2 when glufosinate was applied at the 1, 2, and 4x 
rates, respectively, during early bloom.  Labeled rates of glufosinate did not increase total leaf injury 
(percent leaf chlorosis + percent leaf necrosis) of sprayed FM 1773LLB2 compared with unsprayed FM 
1773LLB2.  At season’s end, plant heights and total nodes of cotton sprayed with glufosinate were not 
different from unsprayed cotton.  No variety x glufosinate application interactions were observed for any 
parameters evaluated for above-ground samples of dry-matter taken at peak bloom or boll production 
parameters observed during final plant mapping at harvest.  No variety x glufosinate application 
interactions were observed for lint yield, gin turnout, or any fiber properties evaluated.  None of the 
glufosinate applications reduced lint yield when compared with the unsprayed controls.  However, 
differences in lint yield were observed as a result of increased application rates at a given growth stage.  





      
 
when compared with glufosinate applied at the 1x rate at the 1- to 3-leaf stage, respectively.  Yield of 
cotton sprayed with glufosinate at the 3x rate at the 7- to 9-leaf stage was reduced 235 kg ha¯¹ compared 
with cotton sprayed with glufosinate at the 1x rate at the 7- to 9-leaf stage.  The results of this study show 
that growers who choose to plant a WideStrike® variety such as PHY 375WRF and a LibertyLink® cotton 
variety such as FM 1773LLB2, and use glufosinate herbicide to control GR Palmer amaranth should use 
caution when selecting the appropriate application rate, especially when cotton is between the 1-to-3- and 
7-to-9-leaf stages.  While leaf injury can be expected following glufosinate application in WideStrike® 
cotton varieties, lint yield of WideStrike® cotton varieties will likely not be affected at labeled rates and 




























 Glyphosate-resistant (GR) weed biotypes have developed due to intense selection pressure caused 
by widespread applications of glyphosate herbicide and the adoption of monoculture cotton production 
systems consisting of glyphosate-tolerant varieties.  Palmer amaranth (Amaranthus palmeri S. Wats) 
resistant to glyphosate was first discovered in Georgia in 2005 (Culpepper et al., 2009).  Since its initial 
discovery, populations of GR resistant Palmer amaranth have been reported in most major cotton producing 
states in the southeastern U.S. (Wallace et al., 2011).  Glyphosate-resistant Palmer amaranth has the 
potential to increase production costs, interfere with mechanical harvest, and reduce lint yields due to its 
fecundity and competitive growth habit (Culpepper et al., 2009; Whitaker et al., 2011; Ward et al., 2013).  
Sufficient control of this weed requires overlapping applications of residual herbicides, which depends 
upon rainfall or irrigation for activation, and application of post emergence broadleaf herbicides (Culpepper 
et al., 2009).  If residual herbicide inactivity is coupled with the presence of GR Palmer amaranth 
populations, one alternative for post emergence control of Palmer amaranth is the use of the non-selective 
herbicide glufosinate (Bayer CropScience, Liberty 280SL, 24.5% glufosinate-ammonium salt) in 
glufosinate-tolerant, transgenic cotton varieties.  Increased rates of glufosinate may be needed when timely 
applications are delayed by excessive rainfall or other circumstances.   
  Glufosinate is a non-selective, broad-spectrum herbicide that acts as a glutamine synthetase 
inhibitor.  Application to susceptible plants leads to ammonia accumulation, ultimately inhibiting amino 
acid synthesis and photosynthesis causing severe damage or plant death (OGTR, 2009).  Glutamine 
synthetase is located in the chloroplast and cytoplasm of plant cells, and its main function is to act as an 
assimilatory enzyme for nitrate and ammonia provided through fertilization or nitrogen fixation.  
Glutamine synthetase is also responsible for the reassimilation of ammonia released during 
photorespiration and the breakdown of proteins and nitrogen transport compounds (Miflin and Habash, 
2001).   
 Timely applications of glufosinate herbicide can be effective in controlling GR Palmer amaranth 





      
 
CropScience recommends that glufosinate be applied at a maximum in-season rate of 1.77 kg ha¯¹.  This 
can be achieved with three applications at the labeled rate of 0.59 kg ha¯¹ applied sequentially from 
emergence to early bloom.  It is recommended that sequential applications be applied 10 to 14 days apart 
and that the herbicide should not be applied 70 days prior to harvest.  The maximum single application rate 
of glufosinate is 0.88 kg ha¯¹, and when more than 0.59 kg ha¯¹ is applied in a single application, the 
maximum in-season rate may not exceed 1.47 kg glufosinate ha¯¹.   
 WideStrike® (Dow Agrosciences, Indianapolis, IN) and LibertyLink® (Bayer CropScience, 
Monheim, Germany) cotton varieties are tolerant to glufosinate via expression of the phospinothricin 
acetyltransferase enzyme (PAT), which allows the plant to detoxify glufosinate-ammonium and avoid 
inhibition of amino acid synthesis and photosynthesis (OGTR, 2009).  LibertyLink® (LL) cotton varieties 
have been engineered for both insect protection and glufosinate tolerance through insertion of specific 
genes and gene constructs derived from Bacillus thuringiensis (Bt) and Streptomyces hygroscopius, 
respectively.  Insect protection is conferred through the expression of two endotoxins specific to the 
Genuity® Bollgard II® (B2) system (Monsanto Co., St. Louis, MO), while glufosinate tolerance is 
conferred through insertion of the bialaphos resistance (bar) gene.  Similarly, WideStrike® (W) cotton 
varieties designated “WRF” have been engineered for both insect protection and glyphosate tolerance via 
insertion of specific genes from Bt and Agrobacterium sp., respectively.  Insect protection is conferred 
through the expression of genes specific to the WideStrike® insect protection system, while glyphosate 
tolerance is provided through the Roundup Ready® Flex (RF) system (Monsanto Co., St. Louis, MO).  
Glufosinate tolerance in WideStrike® cotton varieties is a result of the insertion of the phosphinothricin 
acetyltransferase  (pat) gene as a selectable marker to aid in the selection of successfully transformed plants 
(OGTR, 2009).  
 Dow Agrosciences, which markets WideStrike®, cotton does not condone topical application of 
glufosinate.  Therefore, any risk of damage or crop loss when glufosinate is used on WideStrike® cotton is 
assumed by the grower.  However, because WideStrike® cotton varieties are tolerant to glufosinate, the 





      
 
differences in the adaptability of LibertyLink® varieties, many cotton producers in the southeastern U.S. 
have chosen to assume the risk of crop injury and plant WideStrike® varieties, which tend to be higher 
yielding in the region (Culpepper et al., 2009).   
 In Georgia, Culpepper et al. (2009) conducted three separate experiments to evaluate weed control 
and crop response of WideStrike® variety Phytogen (PHY) 485WRF following applications of glufosinate.  
Culpepper et al. (2009) found 15% greater injury in the form of leaf necrosis when PHY 485WRF was 
treated twice with glufosinate at the 0.43 kg ha¯¹ rate compared with PHY 485WRF sprayed twice with 
glyphosate at the 0.84 kg ha¯¹ rate.  Injury in this study appeared to be transient, and seed cotton yields 
between cotton treated with either herbicide were similar.  In a separate experiment, Culpepper et al. (2009) 
found that injury of PHY 485WRF was 11% higher following application of glufosinate at the 0.43 kg ha¯¹ 
rate and up to 20% higher injury at the 0.86 kg ha¯¹ rate compared with PHY 485 WRF treated with only 
glyphosate, yet no difference in seed cotton yield was observed at harvest.  Culpepper et al. (2009) also 
found that PHY 485WRF and FM 955LLB2, when treated with glufosinate at the 0.55 kg ha¯¹ rate, showed 
greater injury than that of untreated controls, but that yields were similar. 
 More recently, Dodds et al. (2011) reported no differences in injury or yield of sprayed and 
unsprayed FM 1773LLB2 at rates of glufosinate of up to four times the labeled rate.  Substantially greater 
injury was observed in PHY 375WRF and yields were reduced following glufosinate herbicide applications 
of three and four times the labeled rate.  Interestingly, Dodds et al. (2011) observed a slight numerical 
increase in lint yield of PHY 375WRF when labeled rates of glufosinate were applied compared with the 
untreated control.  Lint yields of sprayed FM 1773LLB2 were numerically higher than that of unsprayed 
FM 1773LLB2 at each rate (0.59, 1.19, 1.76, and 2.38 kg ha¯¹).  Scientists have hypothesized that this yield 
increase may be attributed to better weed control in experimental plots treated with the herbicide.  It has 
also been observed that glufosinate has insecticidal properties associated toxicity to spiders, caterpillars of 
the skipper butterfly (Calpodes ethylius Stoll; Lepidoptera:  Hesperiidae) (Kutlesa and Caveney, 2001), and 





      
 
associated with application of this herbicide.  Furthermore, it is believed that altered expression of 
glutamine synthetase may improve nitrogen-use efficiency in plants (Miflin and Habash, 2001).  
Extensive work is needed to characterize the effects of glufosinate application at rates up to four 
times the labeled rate and at various timings on plant growth, dry-matter partitioning, lint yield, and fiber 
properties of WideStrike® and LibertyLink® cotton varieties. Therefore, an experiment was conducted to 
study the effects of glufosinate application on PHY 375WRF and FM 1773LLB2 at the 0.59, 1.18, 1.77, 
and 2.36 kg ha¯¹ (1x, 2x, 3x, and 4x, respectively) rates when applied at the 1- to 3-leaf stage, the 7- to 9-
























      
 
MATERIALS AND METHODS 
 
 
 A replicated field experiment was conducted on a Noboco loamy sand (0-2% slope, fine-loamy, 
siliceous, subactive, thermic Oxyaquic Paleudults) in 2011 and a Norfolk loamy sand (0-2% slope, fine-
loamy, kaolinitic, thermic Typic Kandiudults) in 2012 at the Pee Dee Research and Education Center in 
Florence, SC to determine the effect of glufosinate at various rates and timings on the growth, lint yield, 
and fiber quality of PHY 375WRF and FM 1773LLB2.  Glufosinate was applied topically to each variety at 
the 1- to 3-leaf stage, at the 7- to 9-leaf stage, and at both the 1- to 3- and 7- to 9-leaf stages at the 1, 2, 3, 
and 4x rates (0.59, 1.18, 1.77, and 2.36 kg ha¯¹, respectively).  Additionally, glufosinate was applied 
topically (at the 1, 2, and 4x rates) to each variety at early bloom.  Glufosinate- and weed-free plots were 
maintained as controls for each variety.  
 Treatments were replicated four times and arranged in a two-factor factorial treatment design 
within a split-plot experimental design in both years.  Glufosinate applications were the whole-plot 
experimental units and cotton varieties were the subplot experimental units.  Cotton was planted in a 
conventionally-tilled seed bed at 13 seed m¯² with a four-row cone-planter on 16 May 2011 and 3 May 
2012.  Plots consisted of four rows, spaced 0.97 m apart and 12.2 m in length. 
 All glufosinate applications were made using either a SpraCoupe (SpraCoupe Model 4650, Agco. 
Corporation) or a Case IH CX-70 tractor fitted with a four-row spray boom, each calibrated to apply a 
carrying volume of 224.6 L ha¯¹.  Glufosinate was applied as a soluble-liquid formulation (Ignite 280SL or 
Liberty 280SL, Bayer CropScience, 24.5% glufosinate-ammonium salt) using Teejet® Flatfan 80 03VS 
spray nozzles (Teejet Technologies, Spraying Systems Co., Wheaton, Illinois).  In 2011, 1- to 3-leaf 
applications were made 17 days after planting (DAP), 7- to 9-leaf applications were made 35 DAP, and 
early bloom applications were made 53 DAP. In 2012, 1- to 3-leaf applications were made 32 DAP, 7- to 9-
leaf applications were made 48 DAP, and early bloom applications were made 74 DAP.  Time applied, 
ambient air temperature and relative humidity were recorded at each application (Appendix Table 3-1). 
All field maintenance procedures (weed control, insect control, fertilization, defoliation, etc.) were 





      
 
Carolina (Jones et al., 2011).  Weed control was performed according to current recommended procedures 
for managing conventional cotton through the use of residual and selective herbicides.  At planting, a tank-
mixture of pendimethalin and fomesafen was broadcast over the entire test area at 1.10 and 0.43 kg ha¯¹, 
respectively.  Approximately four weeks after planting, a tank-mixture of pyrithiobac and acetochlor was 
applied topically at 0.07 and 1.70 kg ha¯¹, respectively.  Clethodim was applied topically with 2.80 L ha¯¹ 
crop oil, at 0.13 kg ha¯¹, seven weeks after planting in 2012 only.  A tank-mixture of monosodium acid 
methanearsenate (MSMA) and prometryn, at rates of 2.30 kg ha¯¹ and 0.85 kg ha¯¹, respectively, was 
applied post-directed approximately eight weeks after planting in both years.  All herbicide applications 
were applied uniformly to each plot regardless of plot-specific weed pressure.  Hand-weeding was also 
used when necessary.  
Plant heights and total nodes were recorded at five weekly sampling intervals from five 
consecutive plants in the second row of each plot in both years, starting approximately three weeks after 
planting.  Seven and fourteen days after each application of glufosinate, the two-center rows of each plot 
were rated for overall plant health, percent leaf chlorosis, and percent leaf necrosis.  Overall plant health 
was rated on a visual scale of 1 to 10 (1 = dead plant; 10 = plant in perfect health), while percent leaf 
chlorosis and leaf necrosis were determined based on average, whole-plant symptoms in a given plot.  
Dates (days after planting) for plant heights, node counts, and visual phytotoxicity ratings were collected in 
both years (Table 3-2). 
 At peak bloom, an above-ground, dry-matter sample was taken from 0.5 m of row from each plot 
at 73 DAP in 2011 and 88 DAP in 2012.  Plant growth characteristics such as height, total nodes, number 
of monopodia, and node of first fruiting branch were recorded and plant parts were separated by vegetative 
and reproductive classification.  Leaves were removed from the petioles and bagged separately from the 
mainstems and branches, and squares and bolls were also separated and counted.  White flowers present 
were categorized as squares while red or pink flowers present were categorized as bolls.  Leaf area was 
obtained by passing each leaf of an average plant from each plot through a LI-COR® 3100 Area Meter (LI-





      
 
dried at 71ºC for four to six days.  After moisture was alleviated, plant matter was weighed to determine 
dry weights of vegetative and reproductive structures. 
 At harvest, an end-of-season plant mapping procedure was conducted in both years to assess plant 
growth parameters.  Plant height, total nodes, number of vegetative branches, first fruiting branch, boll 
number by sympodial position and nodal location, total fruiting bolls, fruiting sites, and fruit retention, 
were recorded from 0.5 m of row (Jones et al., 1996).  Plots were machine-harvested on 24 October in 2011 
and 31 October in 2012 using a two-row spindle-picker (Case IH 1822) modified for research purposes.  
The two center rows of each plot were harvested and weighed, and a 250 g sample of seed cotton was 
collected from each plot.  Seed cotton samples were ginned using a 10-saw gin (Continental Gin Co.) and 
gin turnouts (percent lint) were used to calculate lint yields.  Fiber samples were sent to Star Lab Inc. 
(Knoxville, TN) for HVI analysis.  Fiber properties determined in the HVI analysis were length, uniformity 
ratio, strength, elongation, and micronaire.  
 Data recorded were combined over years, and fixed effects were a full factorial of year, 
glufosinate treatment, and variety.  Random effects were block (nested within year), glufosinate x block 
(nested within year), and variety x block (nested within year).  Data were analyzed with PROC MIXED, 
using JMP® Pro 10.0.0 statistical analysis software (product of SAS Institute Inc., Cary, NC).  All means 















      
 
RESULTS AND DISCUSSION 
 
 
 Application of glufosinate caused reductions in plant overall plant vigor and increased leaf injury 
in the form of chlorosis and necrosis in PHY 375WRF and FM 1773LLB2 (Table 3-1; Table 3-2; Table 3-
3; Table 3-4).  Leaf necrosis occurred at a greater extent than chlorosis when glufosinate was applied at the 
1- to 3-leaf stage and the 7- to 9-leaf stage, but the opposite was true when applied at early bloom.  Injury 
symptoms were less visible fourteen days after treatment, but in most cases differences were still present 
between varieties.  Sequential applications of glufosinate did not compound injury symptoms because 
injury from the initial application had subsided by the time the second application was made.  Plant injury 
was most severe when the herbicide was applied at the 1-to 3-leaf stage compared with later in the season 
(Table 3-1).  In severe cases, increased rates of glufosinate led to abscission of leaves and flowering buds.    
At each application rate and timing, PHY 375WRF showed greater injury compared with FM 1773LLB2 in 
response to glufosinate application.   
  Similar to what was observed by Dodds et al (2011), leaf injury of PHY 375WRF following 
glufosinate application was positively correlated with increasing rates of the herbicide and was greater than 
that observed in FM 1773LLB2 following all applications.  Dodds et al. (2011) reported no statistical 
increases in the level of injury observed in FM 1773LLB2 with increasing rates of the herbicide; however, 
in this study, differences in leaf injury were observed between treated and untreated FM 1773LLB2 when 
glufosinate was applied at the 2, 3, and 4x rates at the 1- to 3-leaf stage, at the 3 and 4x rates applied at the 
7- to 9-leaf stage, and at the 4x rate applied at early bloom. Total leaf injury of FM 1773LLB2 never 
exceeded 8.6% while leaf injury of PHY 375WRF was as high as 37.9% following application of 
glufosinate at the 4x rate (Table 3-1). 
 Total leaf injury sustained by PHY 375WRF was greater than that sustained by FM 1773LLB2 
seven days after each application (Table 3-1; Table 3-2; Table 3-3; Table 3-4).  Application of labeled rates 
of glufosinate did not increase total leaf injury in FM 1773LLB2 when applied at the 7- to 9-leaf stage 
(Table 3-2) or early bloom (Table 3-4), but slight increases in leaf chlorosis were observed when labeled 





      
 
at the 1- to 3-leaf stage, PHY 375WRF showed as much as 12.4, 21.0, 18.7, and 29.3% greater leaf injury 
than FM 1773LLB2 when glufosinate was applied at the 1, 2, 3, and 4x rates, respectively (Table 3-1; 
Table 3-3).  When sprayed at the 7- to 9-leaf stage, PHY 375WRF showed as much as 6.9, 10.9, 15.8, and 
17.7% greater leaf injury than FM 1773LLB2 when glufosinate was applied at the 1, 2, 3, and 4x rates, 
respectively (Table 3-2; Table 3-3).  When sprayed at early bloom, PHY 375WRF showed as much as 9.0, 
12.2, and 15.4% greater leaf injury than FM 1773LLB2 when glufosinate was applied at the 1, 2, and 4x 
rates, respectively (Table 3-4).  
 Variety x glufosinate application interactions in regard to plant height were observed at two in-
season sampling intervals (Table 3-5).  No height reductions occurred as a result of glufosinate application 
in FM 1773LLB2 (Table 3-5).  Phytogen 375WRF sprayed with glufosinate at the 4x rate at the 1- to 3-leaf 
stage was 3 and 6cm shorter than unsprayed PHY 375WRF at Sample Interval 3 and Sample Interval 4, 
respectively (Table 3-5).  Two applications of glufosinate at the 4x rate also caused 3- and 8-cm reductions 
in plant height to PHY 375WRF when observed at Sample Interval 3 and 4, respectively (Table 3-5). At 
Sample Interval 4, two applications of glufosinate at the 2 and 3x rates caused plants of sprayed PHY 
375WRF to be 5 and 4 cm shorter than unsprayed PHY 375WRF, respectively (Table 3-5).  No differences 
in plant height were observed at peak bloom (Table 3-6) or at harvest (Table 3-7).   
Glufosinate application had no effect on node accumulation when observed at the five in-season 
sampling intervals (data not shown) or at peak bloom (Table 3-6), but slight differences in total node 
accumulation were observed among glufosinate treatments at harvest (Table 3-8).  At final plant mapping, 
plants sprayed twice with the 2x rate and plants sprayed once with the 4x rate at the 1- to 3-leaf stage 
accumulated two more nodes than plants sprayed with the 1x rate at the 1- to 3-leaf stage, with the 1, 2, and 
3x rates at 7- to 9-leaf stage, and with the 2x rate at early bloom (Table 3-8).   
 Significant year x variety interactions were observed for FFB, number of monopodia per plant, 
bolls per m¯², stem weight (g m¯²), square weight (g m¯²), and reproductive-to-vegetative ratio (RVR) when 
values were determined at above-ground, dry-matter samples taken at peak bloom (Table 3-9).  In 2011, the 
FFB position was 6.9 and 8.0 for PHY 375WRF and FM 1773LLB2, respectively.  In 2011, the FFB of 





      
 
7.1 (Table 3-9).  In 2011, monopodia production was 1.7 and 2.6 monopodia per plant for PHY 375WRF 
and FM 1773LLB2, respectively (0.9 difference) and in 2012 PHY 375WRF produced 0.6 monopodia per 
plant while FM 1773LLB2 produced 1.1 monopodia per plant (Table 3-9). Phytogen 375WRF produced 48 
bolls per m¯² in 2011and 2012 while boll production of FM 1773LLB2 was 44 and 56 bolls m¯² in 2011 
and 2012, respectively (Table 3-9). Stem weights were 86 and 91 g m¯² for PHY 375WRF in 2011and 2012 
respectively, and 93 and 119 g m¯² for FM 1773LLB2 in 2011 and 2012 respectively.  In 2011, no 
difference in square weight was observed between the two varieties but in 2012 square weight of PHY 
375WRF increased by 4.7 g m¯², and square weight of FM 1773LLB2 increased by 6.8 g m¯². The RVR of 
PHY 375WRF was 0.55 and 0.34 in 2011 and 2012, respectively, and the RVR of FM 1773LLB2 was 0.50 
in 2011 and 0.36 in 2012 (Table 3-9).  
 Although PHY 375WRF is more susceptible to leaf injury than FM 1773LLB2, no variety x 
glufosinate application interactions were observed for any parameters evaluated during above-ground, dry-
matter samples.  Interestingly, year x glufosinate application interactions were observed for squares and 
bolls (per m¯²) (Table 3-6), vegetative dry weight (VDW), reproductive dry weight (RDW), and total dry 
weight (TDW) (Table 3-10).  Glufosinate had no effect on the number of squares present at the time of the 
sample in 2011, but square number was reduced 41% following application of glufosinate at the 3x rate 
when applied at the 1- to 3-leaf stage in 2012 (Table 3-6).  In 2011, the number of bolls observed was 58% 
and 53% greater than that of the untreated control following glufosinate application at the 1x rate the 7- to 
9-leaf stage and at the 2x rate at early bloom, respectively (Table 3-6).  In 2012, the number of bolls 
observed was 30% less than the untreated control following glufosinate application at the 1x rate at early 
bloom, 39 and 55% less following glufosinate application at the 2x rate at the 7- to 9-leaf stage and early 
bloom, respectively, 31% less following glufosinate at the 3x rate applied at the 1- to 3-leaf stage and at the 
7- to 9-leaf stage, respectively, and 51% less following application of the 4x rate at early bloom (Table 3-
6).   
 Spraying cotton with glufosinate appeared to a greater effect on dry-matter partitioning in 2012 





      
 
VDW, RDW, or TDW were observed following glufosinate application (Table 3-10).  In 2012, VDW were 
83 and 68 g m¯² lower following glufosinate application at the 3x rate at the 1- to 3-leaf stage and at the 2x 
rate at early bloom compared with the untreated control, respectively (Table 3-10).  Reductions in VDW 
associated with application of glufosinate at the 3x rate at the 1- to 3-leaf stage were due to reductions in 
stem and leaf weight while reductions in VDW associated with glufosinate application at the 2x rate at 
early bloom were due to reductions in stem weight only (Table 3-10).  In 2012, glufosinate applied at the 7- 
to 9-leaf stage reduced RDW compared with the untreated control by 45, 60, 47, and 52 g m¯² when applied 
at the 1, 2, 3, and 4x rates, respectively (Table 3-10).  Following two applications of glufosinate at the 4x 
rate, RDW was reduced by 52 g m¯² compared with the untreated control (Table 3-10).  Reproductive dry 
weights were reduced 48, 62, and 62 g m¯² when applied at the 1, 2, and 4x rates at early bloom, 
respectively. (Table 3-10).  Additionally, in 2012, RDW reduced 60 g m¯² compared with the untreated 
control following glufosinate application at the 3x rate at the 1- to 3-leaf stage (Table 3-10).  Reductions in 
RDW associated with the respective glufosinate treatments in 2012 were due to reductions in boll weight 
only (Table 3-10).  Likewise in 2012, glufosinate applications reduced TDW compared with the untreated 
control following applications at the 3x rate at the 1- to 3-leaf stage, at the 1, 2, and 3x rates applied at 7- to 
9 leaves, the 4x rate applied twice, and the 2 and 4x rates applied at early bloom (Table 3-10). Application 
of glufosinate had no effect on RVR or LAI (Table 3-10).  
  At season’s end, significant year x variety interactions were observed for > 3rd sympodial 
position boll production, bolls produced between nodes 6 and 10, bolls produced between nodes 11 and 15, 
and total production (Table 3-11).  Bolls produced at > 3rd sympodial position were the same for both 
varieties in 2011 (Table 3-11). In 2012, both varieties increased boll production at this position but PHY 
375WRF produced two more > 3rd position sympodial bolls m¯² than FM 1773LLB2 (Table 3-11).  Boll 
production of PHY 375WRF between nodes 6 and 10 was 26 and 31bolls m¯² in 2011 and 2012 
respectively, while boll production of FM 1773LLB2 in this same region was 21 and 31 bolls m¯² in 2011 
and 2012 respectively (Table 3-11).  Boll production of PHY 375WRF between nodes 11 and 15 was 15 





      
 
region was 13 and 26 bolls m¯² in 2011 and 2012, respectively (Table 3-11).  Total boll production of PHY 
375WRF increased from 47 to 63 bolls m¯² from 2011 to 2012, respectively, and total boll production of 
FM 1773LLB2 increased from 39 to 64 bolls m¯² from 2011 to 2012, respectively (Table 3-11).    
Significant variety x glufosinate application interactions were only observed for monopodia 
production and FFB at season’s end (Table 3-12).  Application of glufosinate had no effect on monopodia 
production of FM 1773LLB2 but increased monopodia production in PHY 375WRF when applied at the 4x 
rate at the 7- to 9-leaf stage (0.8 monopodia plant¯¹ increase) (Table 3-12).  The FFB of FM 1773LLB2 was 
found at a higher position in the mainstem following glufosinate applied at the 1x rate at 1- to 3-leaf stage 
and at a higher mainstem node position following application of glufosinate in PHY 375WRF at the 1, 2 
and 4x rates at the 7- to 9-leaf stage, at the 2 and 4x rates sprayed twice, and the 1x rate applied at early 
bloom (Table 3-12).   
Increased rates of glufosinate appear to have had a greater effect on boll production in 2012 than 
in 2011 when measured at harvest.  Application of glufosinate had no effect on total boll production 2011 
(Table 3-13).  In 2012, plants sprayed twice at the 4x rate produced 24 more total bolls m¯² than the 
untreated control, which was more than all other glufosinate treatments except for when the herbicide was 
applied at the 2x rate at the 7- to 9-leaf stage and when applied twice (Table 3-13).  In 2012, 2nd position 
boll production was seven and nine bolls m¯² greater than the untreated control following two applications 
of glufosinate at the 2 and 4x rates, respectively (Table 3-7).  Boll production at the 3rd position was four 
and five bolls m¯² lower following glufosinate application at the 3 and 4x rates applied at the 1- to 3-leaf 
stage compared with the untreated control, respectively (Table 3-7).  Application of glufosinate had no 
effect on boll production below node 10 (including monopodial boll production) in either variety in 2011 or 
2012 (Table 3-13).  Plants sprayed twice at the 4x rate produced 15 more bolls m¯² between nodes 11 and 
15 than the untreated control in 2012 (Table 3-13).  Also in 2012, plants sprayed at the 2x rate at the 7- to 
9-leaf stage and at early bloom produced 9 and 13 more bolls m¯² in this region compared with the 
untreated control, respectively (Table 3-13).  A significant year x glufosinate treatment x variety interaction 





      
 
was not effected in either variety in 2011, but in 2012 boll production between nodes 16 and 20 increased 
in PHY 375WRF following two applications of glufosinate at the 2x rate and one application of the 4x rate 
applied at early bloom (Table 3-14).  Interestingly, the number of bolls produced between nodes 16 and 20 
was 13 boll m¯² less in FM 1773LLB2 compared with PHY 375WRF following application of glufosinate 
at the 4x rate at early bloom in 2012 (Table 3-14).  Fruit retention of both varieties increased as a result of 
glufosinate application at the 1, 2, and 3x rates at the 7- to 9-leaf stage, and at the 2x rate applied at early 
bloom.   
 The 2011and 2012 growing seasons provided very distinct growing environments.  Total rainfall 
was 43 and 72 cm in 2011and 2012, respectively (Fig. 3-1A and B).  Although total heat unit accumulation 
reached 1434 and 1436 at 196 DAP in 2011and 2012 respectively, high early-season temperatures and low 
rainfall contributed to lower yields in 2011 (Fig. 3-1A and B). By 84 DAP in 2011, cumulative rainfall and 
heat units were 11.49 cm and 929 heat units, respectively, and by 84 DAP in 2012, cumulative rainfall and 
heat units were 42.4 cm and 770 heat units, respectively (Figure 3-1A and B).      
 Due to differences in rainfall and heat unit accumulation, lint yields were 952 kg ha¯¹ higher in 
2012 than in 2011 (Table 3-15).  In 2011, PHY 375WRF yielded higher than FM 1773LLB2 but the 
opposite was true in 2012 (Table 3-15).  However, when averaged over the two growing seasons, lint yields 
of the two varieties were similar.  Although PHY 375WRF is more susceptible to leaf injury following 
application of glufosinate than FM 1773LLB2, no variety x glufosinate application interactions were 
observed for lint yield.  Although reductions in dry weights were observed at peak bloom, lint yields were 
not reduced a result of glufosinate.  Differences in lint yield were observed among cotton sprayed with 
various rates of glufosinate at a given growth stage.  Glufosinate applied at the 3 and 4x rates at the 1- to 3-
leaf stage reduced lint yields by 219 and 195 kg ha¯¹ when compared with glufosinate applied at the 1x rate 
at 1- to 3-leaf stage, respectively (Table 3-15).  Yield of cotton sprayed with glufosinate at the 3x rate at 7- 
to 9-leaf stage was 235 kg ha¯¹ lower than cotton sprayed at the 1x rate at the 7- to 9-leaf stage (Table 3-
15).  No differences in lint yield were observed among cotton receiving two applications of glufosinate or 





      
 
reported decreases in lint yield of PHY 375WRF following glufosinate application at the 3 and 4x rates 
compared with an untreated control, but in this study, no significant reductions in lint yield of PHY 
375WRF were observed.  Yields of treated cotton were numerically higher than untreated cotton on four 
occasions:  0.59 kg ha ¯¹ applied at the 1- to 3-leaf stage (5.3% increase), the 7- to 9-leaf stage (10.2% 
increase), and at both the 1- to 3- and 7- to 9-leaf stage (0.7% increase), and 2.36 kg ha ¯¹ applied at the 7-
to 9-leaf stage (1.9% increase) (Table 3-15).  Similarly, Dodds et al. (2011) reported numerical increases in 
lint yield of FM 1773LLB2 following application of glufosinate, regardless of rate or leaf stage applied, 
and a numerical increase in lint yield of PHY 375WRF following application of glufosinate at the labeled 
rate of 0.59 kg ha ¯¹.  In this study, highest lint yields (112 kg ha¯¹ greater than untreated control) were 
obtained when glufosinate was applied at 0.59 kg ha¯¹ at the 7- to 9-leaf stage.  
 Glufosinate had no effect on the uniformity, elongation, strength, or length of cotton fiber and no 
variety x glufosinate applications interactions were observed for any fiber properties evaluated in this study 
(Table 3-16).  However, a significant year x glufosinate interaction was observed in regard to micronaire.  
In 2011, glufosinate did not cause micronaire of treated cotton to differ from that of the untreated control, 
but in 2012 glufosinate applied at the 1.18 and 2.36 kg ha¯¹ rates at the 7- to 9-leaf stage caused a decrease 
in micronaire of 0.4 and 0.7 units in micronaire, respectively, when the same rates were applied at early 



















 Phytogen 375WRF was more susceptible to leaf injury from glufosinate than FM 1773LLB2.  At 
the 1- to 3-leaf stage, PHY 375WRF showed as much as 12, 21, 19, and 29% greater leaf injury than FM 
1773LLB2 when glufosinate was applied at the 1, 2, 3, and 4x rates, respectively.  At the 7- to 9-leaf stage, 
PHY 375WRF showed as much as 7, 11, 16, and 18% greater leaf injury than FM 1773LLB2 when 
glufosinate was applied at the 1, 2, 3, and 4x rates, respectively.  At early bloom, PHY 375WRF showed as 
much as 9, 12, and 15% greater leaf injury than FM 1773LLB2 when glufosinate was applied at the 1, 2, 
and 4x rates, respectively.  Labeled rates of glufosinate did not increase total leaf injury (percent leaf 
chlorosis + percent leaf necrosis) of sprayed FM 1773LLB2 compared with unsprayed FM 1773LLB2.  
Glufosinate application had no effect on plant height of FM 1773LLB2, but increased rates of glufosinate 
caused temporary early-season reductions in height in PHY 375WRF.  No differences in plant height were 
observed at peak bloom or at season’s end.  At season’s end, no difference in total node accumulation was 
observed between sprayed or unsprayed cotton of either variety.  Year x variety interactions associated with 
plant growth characteristics were due to increased agronomic performance of FM 1773LLB2 in 2012 
compared with 2011.  The effects of glufosinate on dry-matter allocation and boll production parameters 
were more prominent in 2012 than in 2011, but no variety x glufosinate application interactions were 
observed for any parameter observed during above-ground sampling of dry-matter.  Fruit retention of 
cotton sprayed with glufosinate was greater than or equal to that of the untreated control following 
application at each rate and timing.   
 Despite increased leaf injury exhibited by PHY 375WRF relative to FM 1773LLB2, no variety x 
glufosinate application interaction was observed for lint yield, demonstrating the ability of PHY 375WRF 
to tolerate topical glufosinate applications without negatively impacting yield.  Moreover, glufosinate did 
not reduce lint yield when applied at any rate or timing, when compared with the untreated control.  
Glufosinate applied at three and four times the labeled rate applied at a given growth stage did reduce lint 
yields compared with when labeled rates were applied at the 1- to 3-leaf stage.  Lint yield of cotton sprayed 





      
 
same growth stage.  No variety x glufosinate application interactions were observed for any fiber property 
evaluated in this study.  However, micronaire of both varieties was slightly reduced following application 
of glufosinate at the 2 and 4x rates at the 7- to 9-leaf stage and early bloom in 2012.  The results of this 
study show that growers who choose to plant WideStrike® or LibertyLink® cotton cultivars on land where 
GR Palmer amaranth is an issue should use caution when selecting glufosinate application rates early in the 
season, when cotton is more susceptible to injury, because yield may be lost when glufosinate is applied at 
the 3 and 4x rate at the 1- to 3-leaf stage and at the 3x rate applied at the 7- to 9-leaf stage.  Also, growers 
who choose to apply glufosinate topically to WideStrike® cotton varieties should expect significantly 
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Glufosinate Timing‡ Total Nodes Fruit Retention
no. plt¯¹ %
Unsprayed (control) 18 39
1x at 1- to 3-leaf 17 42
2x at 1- to 3-leaf 18 38
3x at 1- to 3-leaf 18 40
4x at 1- to 3-leaf 19 34
1x at 7- to 9-leaf 17 47
2x at 7- to 9-leaf 17 47
3x at 7- to 9-leaf 17 45
4x at 7- to 9-leaf 18 43
1x at 1- to 3- and 7- to 9-leaf 18 42
2x at 1- to 3- and 7- to 9-leaf 19 41
3x at 1- to 3- and 7- to 9-leaf 18 42
4x at 1- to 3- and 7- to 9-leaf 18 43
1x at Early Bloom 18 45
2x at Early Bloom 17 47
4x at Early Bloom 18 43
LSD (0.05) 1 7
Table 3-8. Total nodes and fruit retention of PHY 375WRF and FM 
1773LLB2 in response to topical glufosinate applications at various rates 
and timings in 2011 and 2012.  Values were determined during plant 
mapping at harvest in both years. [Averaged across years]
† 1x = 0.59 kg glufosinate-ammonium ha¯¹; 2x = 1.18 kg glufosinate-






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































PHY 375WRF FM 1773LLB2 PHY 375WRF FM 1773LLB2
Unsprayed (control) 1.1 1.9 6.0 7.3
1x at 1- to 3-leaf 1.5 1.9 6.3 8.2
2x at 1- to 3-leaf 1.0 2.0 6.3 7.7
3x at 1- to 3-leaf 1.1 2.2 6.7 7.4
4x at 1- to 3-leaf 1.1 2.2 6.7 7.5
1x at 7- to 9-leaf 1.3 1.7 6.8 7.6
2x at 7- to 9-leaf 1.2 1.9 6.9 7.7
3x at 7- to 9-leaf 1.0 1.7 6.6 7.3
4x at 7- to 9-leaf 1.9 1.9 7.4 8.0
1x at 1- to 3- and 7- to 9-leaf 1.3 2.3 6.2 7.6
2x at 1- to 3- and 7- to 9-leaf 1.2 2.4 7.3 7.4
3x at 1- to 3- and 7- to 9-leaf 1.0 2.3 6.8 7.3
4x at 1- to 3- and 7- to 9-leaf 1.0 1.7 7.3 7.0
1x at Early Bloom 1.0 2.0 6.9 7.6
2x at Early Bloom 1.3 1.4 6.6 7.6
4x at Early Bloom 1.3 1.6 6.6 7.3
LSD (0.05)
P-Value‡
Table 3-12. Number of monopodia per plant and nodal position of the first fruiting branch 
(FFB) of PHY 375WRF and FM 1773LLB2 in response to glufosinate applications at various 
rates and timings.  Values were determined during final plant mapping at harvest in 2011 and 
2012 at PDREC in Florence, SC.
† 1x = 0.59 kg glufosinate-ammonium ha¯¹; 2x = 1.18 kg glufosinate-ammonium ha¯¹; 3x = 1.77 
kg glufosinate-ammonium ha¯¹; 4x = 2.36 kg glufosinate-ammonium ha¯¹.
Monopodia
no. plt ¯¹ nodal position
FFB




























Glufosinate Timing† PHY 375WRF FM 1773LLB2 PHY 375WRF FM 1773LLB2
Unsprayed (control) 0 0 5 4
1x at 1- to 3-leaf 1 0 3 3
2x at 1- to 3-leaf 2 0 4 4
3x at 1- to 3-leaf 1 1 3 2
4x at 1- to 3-leaf 1 1 3 1
1x at 7- to 9-leaf 1 0 2 4
2x at 7- to 9-leaf 0 1 5 9
3x at 7- to 9-leaf 1 0 5 3
4x at 7- to 9-leaf 0 1 7 5
1x at 1- to 3- and 7- to 9-leaf 0 0 4 5
2x at 1- to 3- and 7- to 9-leaf 1 1 11 10
3x at 1- to 3- and 7- to 9-leaf 1 1 1 4
4x at 1- to 3- and 7- to 9-leaf 1 0 8 10
1x at Early Bloom 1 0 5 7
2x at Early Bloom 1 0 8 6
4x at Early Bloom 2 1 16 3
LSD (0.05)
P-Value
† 1x = 0.59 kg glufosinate-ammonium ha¯¹; 2x = 1.18 kg glufosinate-ammonium ha¯¹; 3x = 1.77 kg 
glufosinate-ammonium ha¯¹; 4x = 2.36 kg glufosinate-ammonium ha¯¹.
Table 3-14. Three-way interaction among glufosinate treatment, variety, and year in regard to 
boll production between nodes 16 and 20 of PHY 375WRF and FM 1773LLB2 observed during 




Bolls Between Mainstem Nodes 16 and 20























Glufosinate Application x Variety
2x at Early Bloom
4x at Early Bloom
9773x at 7- to 9-leaf
4x at 7- to 9-leaf
1x at 1- to 3- and 7- to 9-leaf
2x at 1- to 3- and 7- to 9-leaf






4x at 1- to 3-leaf
1x at 7- to 9-leaf
2x at 7- to 9-leaf
4x at 1- to 3- and 7- to 9-leaf
1x at Early Bloom
Table 3-15. Lint yield of PHY 375WRF and FM 1773LLB2 following topical application 


















† Values were averaged over both years and varieties due to the fact that no year x 
variety or glufosinate timing x variety interactions were observed. 
‡ 1x = 0.59 kg glufosinate-ammonium ha¯¹; 2x = 1.18 kg glufosinate-ammonium ha¯¹; 3x 












2x at 1- to 3-leaf





      
 
 
2011 2012 2011 2012
5.1 4.9 41.4 41.4
5.1 4.9 42.6 40.2
5.2 4.7 42.2 40.3
5.1 4.9 41.9 40.0
5.2 4.9 42.3 40.6
5.1 4.8 42.4 40.9
5.0 4.5 42.0 40.3
5.0 4.7 42.0 40.5
5.2 4.5 42.7 39.9
5.1 4.8 41.6 40.3
5.1 4.8 42.1 40.3
5.1 5.0 42.8 40.5
5.0 4.8 42.5 39.0
5.3 4.7 42.2 40.2
5.2 4.2 42.5 40.0
5.1 4.2 42.3 40.4










Table 3-16. Micronaire and gin turnout of PHY 375WRF and FM 1773LLB2 following applications 

































RECOVERABILITY OF UPLAND COTTON FOLLOWING TERMINAL REMOVAL 
AT VARIOUS GROWTH STAGES 
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Estimating expected yield loss following biotic or abiotic stress requires an understanding of a 
crop’s ability to recover during the remainder of the growing season.  Accurate estimation of yield loss is 
critical for the purpose of grower compensation for insurance providers and for making sound replanting 
decisions by Extension personnel and commodity producers.  A replicated field experiment was conducted 
on a Noboco loamy sand at the Pee Dee Research and Education Center in Florence, SC in 2011 and 2012 
to determine the response of cotton (Gossypium hirsutum L.) to terminal removal in both irrigated and 
dryland conditions.  Terminals were removed by hand at 12 pre-determined growth intervals based on 
nodal development.  Using standard garden shears, mainstems were severed below the 2nd node at the 2-leaf 
stage, below the 2nd and 4th nodes at the 4-leaf stage, below the 4th, 6th, and 8th nodes at the 8-leaf stage, 
below the 8th, 10th, and 12th nodes at the 12-leaf stage, and below the 12th, 14th, and 16th nodes at the 16-leaf 
stage.  An untreated control was also maintained in irrigated and dryland conditions.  No irrigation x 
terminal removal treatment (TRT) interactions were observed for any parameters evaluated.    Plant growth 
responses, such as dry-matter partitioning and fruiting characteristics, of cotton following terminal injury 
were dependent on growing conditions from season to season, and numerous year x TRT interactions were 
observed for these parameters.  However, final lint yield of cotton following terminal removal did not 
appear to be dependent on growing season.  Compared with the untreated control, lint yield of PHY 
499WRF was reduced (from greatest to least) by 25% following terminal removal below the 8th node at the 
12-leaf stage, by 21% when terminals removed below the 12th node at the 16 leaf-stage, by 17% when 
terminals were removed below the 4th node at the 8-leaf stage, by 16% when terminals were removed 
below the 10th node at the 12-leaf stage, and by 11% when terminals were removed below the 2nd node at 
the 4-leaf stage.  At a given growth stage, greater reductions in lint yield were observed when terminals 
were removed at lower positions on the mainstem.  In regard to replanting decisions, this study shows that 
removal of terminals at the 2-leaf stage did not reduce lint yield and cotton having terminals removed at 
this stage may not need replanting.  Also, results suggested that irrigation had no effect on the 










 Many natural occurrences have the potential to reduce cotton lint yield by causing physical 
damage to vegetative and reproductive plant tissues.  Sandblasting, insect damage, animal feeding, and 
severe weather events are some examples of natural occurrences which potentially cause yield limiting 
damage to stems and foliage when occurring at various stages of crop development.  More specifically, 
severe weather events such as hail storms have been observed to cause light to severe damage to many 
crops including cotton.  Due to the sporadic nature of hail storms, associated crop injury often varies within 
a given agricultural field or across a farm.  Whether attributed to biotic or abiotic factors, physical damage 
to terminals has potential to reduce the yield of cotton.  Accurate estimation of lint yield loss following a 
particular stress requires an understanding of the propensity of the cotton plant to recover during the 
remainder of the growing season.  Estimating expected yield loss based on the timing and severity of crop 
injury is important for the purpose of grower compensation for insurance claims in the event of injury, 
replanting decisions for producers and consultants, and recommendations from university Extension 
personnel. 
 Terminal removal or removal of the apical meristem occurring early in the growing season causes 
a plant response similar to that observed as a result of insect or animal feeding, particularly as a result 
thrips (Thrips sp.) damage.  When the meristem is injured or removed in severe cases, apical dominance is 
compromised and the plant will experience atypical growth patterns such as induced lateral branching.  For 
example, injury caused by thrips can lead to delayed maturity and reductions in overall yield if not 
managed through the use of seed treatments, in-furrow insecticides, or topical applications of insecticides 
(Cook et al., 2011).  Studies have shown that the recoverability of cotton following injury is related to 
changes in the architecture of the leaf canopy and fruiting dynamics.  Early-season damage has been shown 
to increase branch and leaf development allowing for increased interception of photosynthetically active 
radiation and increased carbon gain (Lei, 2002).    It has also been hypothesized that some level of injury 
may cause favorable alterations to plant growth which can lead to increased yields (Obasi and Msaakpa, 





      
 
bolls, and seed cotton yield when Pima cotton (Gossypium barbadense L.) was topped at a height of 120 
cm, while Kittock and Fry (1977) reported that topping of Pima cotton had no effect on lint yield, number 
of bolls set, or days to boll maturity. 
 In Texas, H. C. Lane (1959) performed a series of experiments with the objective of determining 
the effect of various forms of injury on the growth and development of cotton.  Among the experiments 
conducted, Lane studied the effect of “stalk cutoffs” or removal of the upper portion of the plant at two 
points on the mainstem.  In one treatment, plants were cutoff above the cotyledonary node (low cutoff) and 
in the other treatment plants were cutoff at the mid-joint (middle cutoff).  Low cutoffs were performed 
throughout the months of June and July and middle cutoffs were performed at seedling, squaring, 
flowering, and young boll stages of the season.  Lane (1959) determined that yield loss associated with the 
low cutoff was more severe when the same treatment was performed later in the growing season.  A low 
cutoff treatment in late June, early July, and late July, was more detrimental than low cutoffs applied in 
early June.  Similarly, middle cutoffs had a more negative impact on yield when the treatment was applied 
later in the season, but the reduction in yield was not as severe as the yield loss associated with the low 
cutoff.   
 In Arkansas, Smith and Varvil (1980) observed the effects of stalk cutoffs of early-season and 
mid-season damage on the recoverability of cotton from a hail damage prospective.  Plants were severed 
just above the cotelydonary node (CC) and just above the second node (C2) when plants were at the 4th, 7th, 
and 10th true leaf stage.  Plants cut at C2 also had 75% of the remaining leaves removed by tearing.  For 
evaluation of mid-season damage, plants were severed above either the 5th or the 7th node at the 10th, 12th, 
and 14th, true leaf stages to represent damage occurring two stages before blooming, at bloom, and two 
stages after blooming.  Results of this study showed that the degree of recoverability decreased as the 
severity of damage increased or as the same damage was applied to older plants and that early-season 
damage could be predicted by the number of nodes removed.  Also documented was an accumulative, 
negative effect on yield caused by additional stress such as disease.  Smith and Varvil (1980) also reported 
increases in fiber fineness caused by simulated damage treatments, which they attributed to a delay in 





      
 
 Research efforts are needed to determine the effect of terminal removal at multiple intervals of 
nodal development on the development, yield, and fiber quality of Upland cotton in both irrigated and 
dryland conditions.  An in-depth evaluation of the ability of cotton to recover from terminal removal 
treatments throughout the season is needed to more accurately determine the effect of this form of injury.  
The objective of this study was to determine the response of cotton to terminal removal at 12 different 
treatment intervals throughout the growing season in irrigated and dryland conditions.  Terminals were 
removed below the 2nd node at the 2-leaf stage, below the 2nd and 4th nodes and the 4-leaf stage, below the 
4th, 6th, and 8th nodes at the 8-leaf stage, below the 8th, 10th, and 12th nodes at the 12-leaf stage, and below 























      
 
MATERIALS AND METHODS 
 
 
 A replicated field experiment was conducted on a Noboco loamy sand, a member of the fine-
loamy, siliceous, subactive, thermic oxyaquic Paleudults, at the Pee Dee Research and Education Center in 
Florence, SC in 2011 and 2012 to determine the effects of terminal removal on the growth, lint yield, and 
fiber properties of dryland and irrigated cotton.  Phytogen 499WRF (Dow Agrosciences, Phytogen Seed 
Company, LLC., Indianapolis, IN) was planted in a conventionally-tilled seed bed at 13 seed m¯²  with a 
vacuum planter (John Deere 1700 Integral 6RW MaxEmerge Plus) on 2 May 2011 and 3 May 2012.  Plots 
were four rows, with 0.97 m between rows and 12.2 m in length.   Terminal removal treatments (TRT) 
were imposed on 2-, 4-, 8-, 12-, and 16-leaf cotton at various intervals denoted by nodal position and 
development of true-leaves.  Treatments were replicated four times in irrigated and dryland conditions and 
arranged in a two-factor factorial treatment design, within a split-plot experiment design.  Irrigation was the 
whole-plot experiment units and terminal removal treatments were the subplot experimental units.  An 
untreated control was also maintained and replicated in both irrigated and dryland conditions.  
  Terminals were removed as follows:  below the 2nd node at the 2-leaf stage (Node 2 at 2), below 
the 2nd node at the 4-leaf stage (Node 2 at 4), below the 4th node at the 4-leaf stage (Node 4 at 4), below the 
4th node at the 8-leaf stage (Node 4 at 8), below the 6th node at the 8-leaf stage (Node 6 at 8), below the 8th 
node at the 8-leaf stage (Node 8 at 8), below the 8th node at the 12-leaf stage (Node 8 at 12), below the 10th 
node at the 12-leaf stage (Node 10 at 12), below the 12th node at the 12-leaf stage (Node 12 at 12), below 
12th node at the 16-leaf stage (Node 12 at 16), below the 14th node at the 16-leaf stage (Node 14 at 16), and 
below the 16th node at the 16-leaf stage (Node 16 at 16).  With each treatment, mainstems were severed just 
below the aforementioned mainstem node when the developing true-leaf at the latter mentioned mainstem 
node was almost fully developed.  More specifically, plants receiving the ‘Node 2 at 2’ treatment had the 
mainstem at least 1.3 cm long between node 1 and 2, with the true leaf at node 2 being almost fully 
developed, but with the internode spacing between the developing 2nd and 3rd true-leaf being less than 1.3 
cm long.  These criteria applied to all plants receiving terminal removal treatments.  Every plant in the two 





      
 
removal treatments at the 2-, 4-, 8-, 12-, and 16-leaf stage were applied at 24, 32, 42, 70, and 91 days after 
planting (DAP) in 2011 and at 29, 39, 48, 69, and 91 DAP in 2012.  Irrigation was applied at 7.7 ha-mm at 
45 and 78 DAP in 2011 and 55 and 88 DAP in 2012 using lateral, over-head irrigation.   
 All field maintenance procedures (pest management, fertilization, defoliation, etc.) were 
performed based on recommended management practices for cotton production in South Carolina (Jones et 
al., 2011).  At planting, a tank-mixture of pendimethalin and fomesafen was applied to the soil at 1.10 and 
0.43 kg ha¯¹, respectively.  At approximately 34 DAP glyphosate was applied at 1.1 kg ha¯¹.  At 43 DAP a 
tank-mixture of glyphosate and acetochlor was applied at 1.1 and 1.7 kg ha¯¹, respectively.  A tank-mixture 
of monosodium acid methanearsenate (MSMA) and prometryn, at rates of 2.30 kg ha¯¹ and 0.85 kg ha¯¹, 
respectively, was applied post-directed just prior to canopy closure (approximately eight weeks after 
planting) in both years.  All herbicide applications were applied uniformly to each plot, regardless of plot-
specific weed pressure.  Hand-weeding was also used when necessary.  
 An above-ground sample of dry-matter was taken from 0.5 m of row in each plot at 84 DAP in 
both years.  Parameters determined during dry-matter sampling at 84 DAP in both years were:  plant height, 
total nodes, number of monopodia, total squares, total bolls, stem weight, leaf weight, square weight, boll 
weight, vegetative dry weight (VDW), reproductive dry weight (RDW), total dry weight, reproductive-to-
vegetative ratio (RVR), and leaf area index (LAI). All pink flowers present were considered to be 
pollinated and were counted as bolls while all white flowers were considered un-pollinated and categorized 
as squares.  Leaf area was obtained by passing each leaf of an average plant from each plot through a LI-
COR® 3100 Area Meter (LI-COR Biosciences, Lincoln, NE).  All vegetative and reproductive structures 
were separated, bagged, and dried in a sample drying oven for six days at a constant temperature of 70ºC 
until moisture was alleviated.  Samples were then weighed using a digital scale to determine dry weights of 
bolls, squares, leaves, and stems.  Logistical issues prohibiting above-ground, dry-matter sampling at 84 
DAP excluded plants receiving terminal removal treatments at the 16-leaf-stage; therefore, an additional 
dry-matter sample, which incorporated plants receiving terminal removal treatments at the 16-leaf stage, 





      
 
130 DAP in 2012 were:  plant height, total nodes, number of monopodia per plant, total squares, total 
closed bolls, total open bolls, total bolls, stem weight, leaf weight, square weight, closed boll weight, open 
boll weight, total boll weight, VDW, RDW, total dry weight, RVR, and LAI.  Methods for drying 
vegetative and reproductive tissues and recording dry weights in the dry-matter sample at 130 DAP in 2012 
were conducted in the same manner as at 84 DAP. 
 Prior to harvest in both years, an end-of-season procedure for mapping plants was conducted to 
assess plant growth and characteristics of boll production.  Plant height, total nodes, number of monopodia 
and monopodial bolls, horizontal and distribution of bolls on sympodia, and total bolls were measured from 
consecutive plants in 0.5 m of row (Jones et al., 1996).  Plots were harvested on 6 October 2011 and 1 
November 2012 with a two-row spindle picker (Case IH 1822) modified for research purposes.  The two 
center rows of each plot were harvested and weighed, and 250 g of seed cotton were collected from each 
plot for ginning and evaluation of fiber properties.  Samples of seed cotton were ginned using a 10-saw gin 
(Continental Gin Co.), and gin turnout was determined and used to calculate lint yield on an area basis.  
Fiber samples were sent to Star Lab Inc. (Knoxville, TN) for high-volume instrumentation (HVI) analyses.  
Fiber properties determined in HVI analyses were length, strength, and micronaire. 
Data were combined over years, and fixed effects were a full-factorial of year, irrigation, and 
terminal removal treatments.  Random effects were block (nested within year), irrigation x block (nested 
within year), and terminal removal x block (nested within year).  Data were analyzed with PROC MIXED, 
using JMP® Pro 10.0.0 software (product of SAS Institute Inc., Cary, NC).  All means were separated 












      
 
RESULTS AND DISCUSSION 
 
 
 No TRT x irrigation interactions were observed for any parameters evaluated in this study.  The 
2011 growing season was substantially drier than the 2012 growing season, providing distinctly different 
testing environments (Figure 4-1).  Accumulation of heat units followed a similar trend in both years, with 
total cumulative heat units reaching 1463 and 1436 in 2011 and 2012, respectively.  By 84 DAP, 10.48 and 
42.40 cm of rainfall accumulated in 2011 and 2012, respectively.  At 196 DAP total rainfall was 42.49 and 
71.93 cm in 2011 and 2012, respectively.  Differences in growing seasons contributed to variations in plant 
growth responses following terminal removal, which lead to significant year x terminal removal treatment 
interactions to be observed for dry-matter partitioning, plant growth, and fiber characteristics.  All 
differences reported (unless otherwise noted) will be discussed relative to the untreated controls. 
 At 84 DAP, irrigated cotton was 3 cm taller than dryland cotton, but no differences between 
irrigated and dryland cotton were observed for any other plant growth characteristic or dry weight 
parameter evaluated.  At 84 DAP, significant year x terminal removal treatment interactions were observed 
for plant height, total nodes, number of monopodia per plant, total squares, total bolls, stem weight, square 
weight, boll weight, vegetative dry weight, LAI, and RVR (Table 4-1; Table 4-2; Table 4-3).  In 2011, 
terminal removal below the 8th, 10th, and 12th node at the 12-leaf stage resulted in shorter plants compared 
with the untreated control at 84 DAP in both years (Table 4-1).  Additionally, terminal removal below the 
2nd node at the 4-leaf stage and terminal removal below the 8th node at the 8-leaf stage resulted in shorter 
plants when compared with the untreated control at 84 DAP in 2012 (Table 4-1).  At 84 DAP in 2011, 
plants with terminals removed below the 8th node at the 8-leaf stage and below the 8th, 10th, and 12th node at 
the 12-leaf stage had fewer nodes than untreated plants and in 2012 all plants receiving terminal removal 
treatments had fewer nodes compared with untreated plants (Table 4-1).  At 84 DAP, plants with terminals 
removed below the 2nd node at the 2- and 4-leaf stage, and below the 4th and 6th node at the 8-leaf stage in 
2011 and plants with terminals removed below the 8th, 10th, and 12th node at the 8-leaf stage and below the 
8th node at the 12-leaf stage in produced more monopodia per plant in 2012, when compared with untreated 





      
 
below the 4th node at the 4-leaf stage, and below the 4th and 6th node at the 8-leaf stage had more squares 
than untreated plants and plants with terminals removed below the 8th and 10th node at the 12-leaf stage had 
fewer squares when compared with untreated plants at 84 DAP (Table 4-1).  In 2012, an increase in the 
number of squares present was only observed in plants having terminals removed below the 2nd node at the 
2-leaf stage and squares were reduced following terminal removal below the 8th and 12th node at the 12-leaf 
stage (Table 4-1).  In 2011, plants with terminals removed below the 2nd node at the 4-leaf stage, below the 
4th and 6th node at the 8-leaf stage, and below the 8th node at the 12-leaf stage had fewer bolls than 
untreated plants at 84 DAP (Table 4-1).  In 2012, all plants receiving terminal removal treatments had 
fewer bolls than untreated plants except for plants having terminals removed below the 12th node at the 12-
leaf stage (Table 4-1).  
  At 84 DAP in 2011 only plants with terminals removed below the 6th node at the 8-leaf stage had 
higher stem weights compared with untreated plants (Table 4-2).  In 2012, stem weights were reduced as a 
result of each terminal removal treatment, except for terminal removal below the 2nd node at the 2-leaf 
stage (Table 4-2).  In both years, leaf weights decreased as a result of terminal removal below the 4 th node 
at the 8-leaf stage and at the 12-leaf stage (Table 4-2).  In 2011, square weights increased when terminals 
were removed below the 2nd node at the 2- and 4-leaf stage, below the 4th node at the 4-leaf stage, and 
below the 6th node at the 8-leaf stage and decreased when terminals were removed below the 8th node at the 
12-leaf stage (Table 4-2).  In 2012, square weights decreased following terminal removal below the 2nd 
node at the 4-leaf stage, below the 4th and 6th node at the 8-leaf stage, and below the 8th, 10th, and 12th node 
at the 12-leaf stage (Table 4-2).  In 2011, boll weights decreased following terminal removal below the 2nd 
node at the 2- and 4-leaf stage, below the 4th node at the 4- and 8-leaf stage, and below the 6th node at the 8-
leaf stage and in 2012 boll weights decreased as a result of terminal removal at the 2-, 4-, and 8-leaf stage 
as well as when terminals were removed below the 8th node at the 12-leaf stage (Table 4-2).  
 At 84 DAP in 2011, VDW increased following terminal removal below the 6th node at the 8-leaf 
stage and decreased following terminal removal below the 8th node at the 12-leaf stage (Table 4-3).  In 
2011, VDW decreased as a result of each terminal removal treatment, except for when terminals were 





      
 
decreased following terminal removal at the 2-, 4-, and 8-leaf stage and also when terminals were removed 
below the 8th node at the 12-leaf stage and total dry weight decreased as a result of each terminal removal 
treatment except for when terminals were removed below the 2nd node at the 2-leaf stage (Table 4-3).  At 
84 DAP in 2011, LAI increased as a result of terminal removal below the 6th node at the 8-leaf stage and 
decreased following terminal removal below the 8th node at the 12-leaf stage (Table 4-3).  In 2012, LAI 
was reduced as a result of terminal removal below the 4th and 6th node at the 8-leaf stage and when 
terminals were removed at the 12-leaf stage (Table 4-3).  In both years, RVR decreased following terminal 
at the 2- and 4-leaf stage and below the 4th and 6th node at the 8-leaf stage (Table 4-3).  Also, in 2012, a 
reduction in RVR was observed in plants having terminals removed below the 8th node at the 8-leaf stage 
(Table 4-3).   
 In 2012, no differences were observed between irrigated and dryland cotton for above-ground dry-
matter samples taken at 130 DAP (Table 4-4; Table 4-5).  Terminal removal had no effect on square 
number, or square weight at this time (Table 4-4; Table 4-5).  At 130 DAP, plants with terminals removed 
at the 12-leaf stage and below the 12th node at the 16-leaf stage were shorter and had fewer nodes than 
untreated plants (Table 4-4).  A reduction in total nodes was also observed in plants with terminals 
removed below the 2nd node at the 4-leaf stage, and below the 14th and 16th nodes at the 16-leaf stage (Table 
4-4).  Terminal removal below the 8th node at the 12-leaf stage and below the 16th node at the 16-leaf stage 
increased in monopodia production relative to the untreated control (Table 4-4).  Terminal removal below 
the 12th node at the 12-leaf stage and below the 16th node at the 16-leaf stage had no effect on closed boll 
number, open boll number, percent open bolls, or total boll number (Table 4-4).  Terminal removal below 
the 2nd node at the 2-leaf stage increased closed boll number, decreased open boll number, and decreased 
percent open bolls, but did not affect total boll number (Table 4-4).  Terminal removal below the 2nd node 
at the 4-leaf increased closed boll number, decreased open boll number, decreased percent open bolls, and 
decreased total boll number (Table 4-4).  Terminal removal below the 4th node at the 4-leaf stage increased 
closed boll number (15 closed bolls m¯² increase) and decreased open boll number, percent open bolls, and 
total boll number (Table 4-4).  Terminal removal below the 4th node at the 8-leaf stage caused the greatest 





      
 
open bolls, but had no effect on total boll number (Table 4-4).  Terminal removal below the 6th node at the 
8-leaf stage increased closed boll number, decreased open boll number and percent open bolls, and 
decreased total boll number (Table 4-4).  Terminal removal below the 8th node at the 8-leaf stage had no 
effect on closed boll number, but decreased open boll number, percent open bolls, and total bolls (Table 4-
4).  Plants with terminals removed below the 8th node at the 12-leaf stage had a greater number of closed 
bolls, fewer open bolls, and a lower percentage of open bolls, but total boll number was not different from 
that of the untreated control (Table 4-4).  Terminal removal below the 10th node at the 12-leaf stage did not 
affect closed boll number or total boll number, but did reduce open boll number and open boll percentage 
(Table 4-4).  Terminal removal below the 12th node at the 16-leaf stage resulted in fewer open bolls and 
fewer total bolls when compared with the untreated control (Table 4-4).  Terminal removal below the 14th 
node at the 16-leaf stage decreased open boll number but did not affect closed boll number, percent open 
bolls, or total boll number (Table 4-4).   
 At 130 DAP in 2012, no differences in stem weight or VDW were observed between plants 
subjected to terminal removal and untreated plants; however, plants with terminals removed below the 2nd 
node at the 2-leaf stage and plants with terminals removed below the 4th node at the 8-leaf stage had higher 
leaf weights than untreated plants (Table 4-5).  An increase in closed boll weight was observed in plants 
with terminals removed below the 2nd node at the 2- and 4-leaf stage and plants with terminals removed 
below the 4th node at the 8-leaf stage (Table 4-5).  All terminal removal treatments resulted in lower open 
boll weights (Table 4-5).  Total boll weight and RDW were reduced by all terminal removal treatments, 
except for terminal removal below the 2nd node at the 2-leaf stage, below the 12th node at the 12-leaf stage, 
and below the 14th and 16th node at the 16-leaf stage (Table 4-5).  Total dry weights were reduced as a 
result of terminal removal below the 2nd and 4th node at the 4-leaf stage, below the 6th node at the 8-leaf 
stage, below the 10th node at the 12-leaf stage, and below the 12th node at the 16-leaf stage (Table 4-5).  
The RVR decreased and LAI increased in plants with terminals removed below the 2nd node at the 2- and 4-
leaf stage, below the 4th and 6th node at the 8-leaf stage, and below the 8th node at the 12-leaf stage (Table 





      
 
 At harvest, irrigated cotton was 4 cm taller, produced slightly more bolls between nodes 0 and 5, 
and produced seven more total bolls m¯² than dryland cotton, but irrigation had no effect on any other plant 
growth or boll production characteristic evaluated at harvest (data not shown).  Significant year x TRT 
interactions were observed for plant height, total nodes, number of monopodia per plant, bolls produced at 
the 1st sympodial position, bolls produced at and beyond the 3rd sympodial position, bolls produced 
between mainstem nodes 6 and 10, and bolls produced between mainstem nodes 11 and 15 when observed 
during plant mapping at harvest (Table 4-6; Table 4-7).  Terminal removal at the 12-leaf stage resulted in 
shorter plants at season’s end in 2011 (Table 4-6).  In 2012, plants with terminals removed below the 8th 
node at the 8- and 12-leaf stage, below the 10th and 12th node at the 12-leaf stage, and below the 12th and 
14th node at the 16-leaf stage were shorter than untreated plants at season’s end in 2012 (Table 4-6).  In 
2011, plants with terminals removed below the 4th and 6th node at the 8-leaf stage, at the 12-leaf stage, and 
below the 12th and 14th node at the 16-leaf stage had fewer nodes than untreated plants at harvest (Table 4-
6).  In 2012, plants with terminals removed below the 6th and 8th node at the 8-leaf stage, and at the 12- and 
16-leaf stage had fewer nodes than untreated plants at harvest (Table 4-6).  Terminal removal increased 
monopodia production in plants with terminals removed below the 4th node at the 8-leaf stage in 2011 and 
in plants with terminals removed below the 8th node at the 8- and 12-leaf stages in 2012 (Table 4-6).  In 
2011, first position boll production decreased following terminal removal below the 4th and 6th node at the 
8-leaf stage, at the 12-leaf stage, below the 6th and 8th node at the 8-leaf stage, at the 12-leaf stage, and 
below the 12th node at the 16-leaf stage (Table 4-6).  Second position boll production was greater in 2012 
than in 2011 but terminal removal did not affect 2nd position boll production when compared with the 
untreated control (Table 4-6).  Plants with terminals removed below the 12th node at the 12-leaf stage 
produced more bolls at and beyond the 3rd sympodial position in 2011 and 2012 and terminal removal 
below the 10th node at the 12-leaf stage increased boll production at and beyond the 3rd sympodial position 
in 2012 (Table 4-6).  No differences in total boll production were observed between treated and untreated 
plants or among treated plants at harvest (Table 4-7).  In most instances, terminal removal increased 
monopodial boll production, counteracting boll loss between nodes 6 and 10, and nodes 11 and 15.  Four 





      
 
percentage of total boll production contributed by monopodial boll production was 31% in plants with 
terminals removed at the 2-leaf stage, 22 to 26% following terminal removal at the 4-leaf stage, 23 to 54% 
following terminal removal at the 8-leaf stage, 13 to 66% following terminal removal at the 12-leaf stage, 
and 4 to 11% following terminal removal at the 16-leaf stage (Table 4-7) 
 Due to differences in rainfall between growing seasons, lint yield of PHY 499WRF was 731 kg 
ha¯¹ higher in 2012 than in 2011 (Table 4-8).  No differences were observed between the lint yield of 
irrigated and dryland cotton in this study and no irrigation x TRT interaction was observed (Table 4-8).  
Lint yield of untreated cotton was 1588 kg ha¯¹ and lint yield decreased 11% as a result of terminal removal 
below the 2nd node at the 4-leaf stage, 17% following terminal removal below the 4th node at the 8-leaf 
stage, 25% when terminals were removed below the 8th node at the 12-leaf stage, 16% when terminals were 
removed below the 10th node at the 12-leaf stage, and 21% when terminals were removed below the 12th 
node at the 16-leaf stage (Table 4-8).  Terminal removal had no effect on gin turnout (Table 4-8).   
 Similar to what was observed by Lane (1959) and Smith and Varvil (1980) yield loss was greater 
when terminal removal treatments were applied to mature plants at low nodal positions on the mainstem.  
Evidence supporting this trend can be found when looking at the percentage of open bolls present at 130 
DAP in 2012 (Table 4-4).  At a given growth stage, the lower the position on the mainstem at which 
terminal removal treatments were applied, the lower the percentage of open bolls present. Although no 
differences in total boll production were observed between treated and untreated plants at harvest (Table 4-
5; Table 4-6), data collected during above-ground, dry-matter samples suggested that boll size and crop 
maturity most likely contributed to yield loss.   
  Irrigated cotton produced fiber which was 0.3 mm longer, 0.6 g tex¯¹ stronger, and had micronaire 
readings 0.15 units lower than dryland cotton, but no irrigation x TRT interactions were observed for any 
fiber quality parameters.  Significant year x TRT interactions were observed for length, strength, and 
micronaire (Table 4-9).  Staple potential is genetically controlled but plant stress (deviations from optimum 
growing and fruiting conditions) can limit a particular cotton cultivar from reaching maximum staple 





      
 
structures to decrease fiber length.  In 2011, fiber length decreased as a result of terminal removal below 
the 2nd node at the 2- and 4-leaf stage, below the 4th node at the 4- and 8-leaf stage, and below the 6th  node 
at the 8-leaf stage and increased as a result of terminal removal below 8th node at the 12-leaf stage.  In 
2012, fiber length increased following all terminal removal treatments except for terminal removal below 
the 10th and 12th node at the 12-leaf stage, and below the 14th node at the 16-leaf stage (Table 4-9).  These 
data showed that terminal removal tends to have a negative effect on staple length in seasons where stress 
occurs due to drought.  In more optimum growing conditions, such as experienced in 2012, terminal 
removal slightly increased or had no effect on fiber length (Table 4-9). The only terminal removal 
treatment that resulted in an increase in staple length in both 2011and 2012 was terminal removal below the 
8th node at the 12-leaf stage (Table 4-9).  In 2011, the lowest staple length occurred when terminals were 
removed below the 4th node at the 4-leaf stage, and, in 2012, lowest staple lengths were observed in 
untreated cotton (Table 4-9).  
 Fiber strength ranged from 32.4 to 34.6 g tex ¯¹ (all ‘very strong’) in 2011 and from 29.5 to 30.7 g 
tex ¯¹ (‘strong’ to ‘very strong’) in 2012 (Table 4-9).  In 2011, fiber strength decreased following terminal 
removal below the 10th node at the 12-leaf stage, below the 12th node at the 12- and 16-leaf stages, and 
below the 14th node at the 16-leaf stage (Table 4-9).  In 2012, fiber strength increased following terminal 
removal below the 4th node at the 8-leaf stage and below the 12th node at the 16-leaf stage (Table 4-9).  
Fiber strength is affected by any factor than affects secondary wall thickness (Ramey, 1986). The 
secondary wall of the fiber develops during the last 20 or more days of the fiber development process. 
Therefore, stress that occurs during the latter weeks of fiber development may reduce the strength of the 
fiber in bolls going through the thickening process. This may explain why fiber strength was lower in 
plants receiving terminal removal treatments at 16-leaf stages in 2011 when a large portion of 1st and 2nd 
position bolls between nodes 6 and 8 would have been at least 20 days into the fiber development process 
at the time of injury.   
 Micronaire readings in 2011 ranged from 4.19 to 4.81 (‘premium’ to ‘base range’) and from 4.40 





      
 
Varvil (1980), micronaire readings decreased following terminal removal below the 8th node at the 8-leaf 
stage in both years (Table 4-9).  Additionally in 2012, micronaire readings decreased following terminal 
removal below the 2nd node at the 2- and 4-leaf stage, below the 4th and 6th node at the 8-leaf stage, and 


































 The response of cotton following terminal removal was not affected by irrigation, and no irrigation 
x terminal removal interactions were observed for any parameters evaluated in this study.  Reproductive 
dry weights of plants with terminals removed decreased consistently when dry weights were sampled at 84 
and 130 DAP, except for when terminals were removed below the 2nd node at the 2-leaf stage, below the 
12th node at the 12-leaf stage, and below the 14th and 16th node at the 16-leaf stage.  Reproductive-to-
vegetative ratios were reduced consistently when terminal removal was applied up to the 8-leaf stage, 
demonstrating a compensatory effect and a partitioning of resources towards vegetative growth following 
early-season injury.  Differences in growing seasons did affect partitioning of dry-matter, fiber quality, and 
fruiting characteristics, but no year x TRT interaction was observed for lint yield.  Depending on growth 
stage at the time of injury, terminal removal reduced cotton yields by as much as 25%.  Terminal removal 
at the 2-leaf stage did not affect lint yield. Compared with the untreated control, terminal removal below 
the 2nd node at the 4-leaf stage, below the 4th node at the 8-leaf stage, below the 8th node at the 12-leaf 
stage, below the 10th node at the 12-leaf stage, and below the 12th node at the 16-leaf stage decreased yield 
by 11, 17, 25, 16, and 21%, respectively.  Regarding reported increases in yield as a result of the removal 
of one node at the apex of the plant (topping) in Pima cotton investigated by Obasi and Msaakpa (2005) 
and Kittock and Fry (1977), lint yield of Upland cotton was not affected by topping in this study.  Terminal 
removal did not increase yield or total boll number, but did increase LAI when terminals were removed 
below the 2nd node at the 2- and 4-leaf stage, below the 4th and 6th nodes at the 8-leaf stage, and below the 
8th node at the 12-leaf stage when observed at 130 DAP.  A strong relationship was found between the 
point of injury along the mainstem at a given growth stage and lint yield.  In agreement with what has been 
observed in similar terminal removal studies (Smith and Varvil, 1970; Lane, 1959), greatest reductions of 
lint yield were observed when plants were severed at lower positions along the mainstem at a given growth 
stage.  Although end-of-season boll numbers were not different compared with the untreated control, dry-
matter and plant mapping data suggested that yield reductions following terminal removal were associated 





      
 
reproductive dry weights at 84 and 130 days after planting.  Yield loss following terminal removal 
treatments appears to be highly related to a delay in maturity which was manifested in a lower ratio of 
reproductive-to-vegetative tissues and/or a lower percentage of open bolls in plants receiving terminal 
removal treatments.  
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Plant Total Total 
Parameter Height Nodes Monopodia Squares Closed Open Open Total
Irrigation cm plt¯¹ no. plt¯¹ no. plt¯¹ sq. m¯² bolls m¯² bolls m¯² % bolls m¯²
Dryland 50 14 1.5 3.0 50 25 33 75
Irrigated 55 14 1.6 3.5 52 26 34 78
LSD (0.05) NS NS NS NS NS NS NS NS
TRT
Untreated 58 17 1.0 1.5 35 54 61 89
Node 2 at 2 66 16 1.8 1.8 75 17 18 92
Node 2 at 4 59 14 1.7 3.3 67 1 1 68
Node 4 at 4 54 16 1.0 1.8 50 18 26 68
Node 4 at 8 69 17 1.8 1.5 80 4 5 84
Node 6 at 8 63 17 1.5 3.1 54 16 23 70
Node 8 at 8 53 16 1.8 2.0 46 23 33 69
Node 8 at 12 26 7 2.3 5.9 66 16 20 82
Node 10 at 12 39 11 1.5 6.9 48 28 37 76
Node 12 at 12 38 11 1.2 2.3 40 42 51 82
Node 12 at 16 43 12 1.6 5.6 28 36 49 64
Node 14 at 16 55 13 1.0 4.6 33 40 55 73
Node 16 at 16 62 14 2.1 1.8 39 41 51 80
LSD (0.05) 11 2 0.8 NS 15 13 13 18
Irrigation x TRT NS NS NS NS NS NS NS NS
Bolls
Table 4-4.  Plant growth and fruit production characteristics of cotton receiving terminal removal treatments 
(TRT) in 2012 at PDREC in Florence, SC.  Values determined during late-season, above-ground, dry-matter 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Year kg ha¯¹ % of Untreated %
2011 1061 -- 44.4
2012 1792 -- 45.8
LSD (0.05) 293 NS
Irrigation
Dryland 1383 -- 45.2
Irrigated§ 1471 -- 45.0















LSD (0.05) 167 -- NS
NS
Table 4-8. Lint yield and gin turnout of cotton receiving terminal removal treatments† 
(TRT) in 2011 and 2012 at PDREC in Florence, SC.  Values determined at harvest‡ in 
both years.
†Node 2 at 2 applied at 24 and 29 DAP in 2011 and 2012, respectively; Node 2 at 4 and 
Node 4 at 4 applied at 32 and 39 DAP in 2011 and 2012, respectively; Node 4 at 8, 
Node 6 at 8, and Node 8 at 8 applied at 42 and 48 DAP in 2011 and 2012, respectively; 
Node 8 at 12, Node 10 at 12, and Node 12 at 12 applied at 70 and 69 DAP in 2011 and 
2012, respectively; Node 12 at 16, Node 14 at 16, and Node 16 at 16 applied at 91 DAP 
in both years.
‡ Cotton was mechanically harvested on 6 October 2011 (157 DAP) and 1 November 
2012 (182 DAP).
§ Irrigation was applied at 7.7 ha-mm at 45 and 78 DAP in 2011 and 55 and 88 DAP in 
2012.
Node 14 at 16
Node 16 at 16
Node 10 at 12
Node 12 at 12
Lint Yield
Untreated
Node 2 at 2
Node 2 at 4
Node 4 at 4
Irrigation x TRT NS
Node 4 at 8
Node 6 at 8
Node 8 at 8
Node 8 at 12






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































      
 
 
DAP† 2011 2012 2011 2012
7 1.27 12.12 46 39
14 0.20 1.83 67 54
21 0.25 4.70 167 146
28 0.00 0.74 234 184
35 1.04 3.68 303 236
42 2.29 0.00 397 293
49 0.56 0.81 479 363
56 0.89 1.91 562 455
63 1.45 9.27 648 550
70 0.58 0.18 719 635
77 2.90 1.02 821 735
84 0.84 0.81 903 819
91 0.25 1.37 987 897
98 7.70 0.33 1045 965
105 1.91 8.84 1117 1028
112 2.11 2.54 1186 1091
119 3.51 2.21 1248 1170
126 0.00 4.93 1297 1208
133 0.53 1.55 1321 1253
140 6.71 0.00 1384 1281
147 0.25 2.79 1395 1332
154 1.85 0.38 1413 1350
161 1.68 1.68 1439 1364
168 0.13 0.00 1440 1375
175 1.78 0.00 1446 1380
182 0.91 0.08 1446 1380
189 0.10 3.66 1456 1384
196 1.45 0.84 1469 1384
203 4.83 0.64 1469 1384
† Planting date was 11 May in both years.
Cumulative Heat Units (15.5° C base)Weekly Rainfall (cm)
Appendix Table 2-2.  Weekly rainfall and cumulative heat units in days after planting 
(DAP) in 2011 and 2012. Values were determined from data collected at PDREC (Florence, 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2011 2012 2011 2012
7 0.71 2.29 44 52
14 0.00 12.12 110 86
21 0.00 5.69 179 121
28 1.04 4.67 253 187
35 0.20 0.76 328 230
42 2.64 3.68 420 279
49 0.00 0.00 506 333
56 2.34 0.81 583 402
63 0.58 1.91 660 491
70 1.14 6.81 761 591
77 2.59 2.64 847 673
84 0.25 1.02 929 770
91 7.70 0.76 997 858
98 1.91 1.30 1061 938
105 0.89 0.46 1134 1007
112 1.22 5.77 1197 1072
119 3.51 5.61 1244 1134
126 0.46 0.38 1274 1211
133 6.48 6.76 1330 1254
140 0.56 1.55 1359 1300
147 0.10 0.00 1375 1324
154 1.85 2.72 1391 1378
161 1.70 0.46 1405 1402
168 0.20 0.91 1411 1411
175 2.49 0.76 1411 1422
182 0.10 0.00 1411 1432
189 1.45 0.08 1430 1432
196 1.14 2.01 1434 1436
† Planting date was 16 May and 3 May in 2011 and 2012, respectively.
Cumulative Heat Units (15.5° C base)
Cumulative Heat Units and Rainfall
Weekly Rainfall (cm)
Appendix Table 3-2.  Weekly rainfall and cumulative heat units in days after 
planting (DAP) in 2011 and 2012. Values were determined from data collected 









2011 2012 2011 2012
7 0.81 2.29 11 52
14 1.02 12.12 58 86
21 0.46 5.69 96 121
28 0.25 4.67 162 187
35 0.00 0.76 231 230
42 1.04 3.68 305 279
49 0.20 0.00 380 333
56 2.64 0.81 472 402
63 0.00 1.91 558 491
70 2.34 6.81 635 591
77 0.58 2.64 712 673
84 1.14 1.02 813 770
91 2.59 0.76 899 858
98 0.25 1.30 981 938
105 7.70 0.46 1049 1007
112 1.91 5.77 1113 1072
119 0.89 5.61 1186 1134
126 1.22 0.38 1249 1211
133 3.51 6.76 1296 1254
140 0.46 1.55 1326 1300
147 6.48 0.00 1382 1324
154 0.56 2.72 1411 1378
161 0.10 0.46 1427 1402
168 1.85 0.91 1443 1411
175 1.70 0.76 1457 1422
182 0.20 0.00 1463 1432
189 2.49 0.08 1463 1432
196 0.10 2.01 1463 1436
SUM 42.49 71.93
Cumulative Heat Units and Rainfall
Weekly Rainfall (cm) Cumulative Heat Units (15.5° C base)
Appendix Table 4-1.  Weekly rainfall and cumulative heat units in days after 
planting (DAP) in 2011 and 2012. Values were determined from data collected 
at PDREC (Florence, SC) and Florence Regional Airport (KFLO, Florence, SC). 
† Planting date was 2 May and 3 May in 2011 and 2012, respectively.  Plots 
were harvested at 157 and 182 DAP in 2011 and 2012, respectively.  
